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ABSTRACT
Due to growing energy demands and the need for increased fuel consumption efficiency,
environmental protection agencies are imposing more stringent emissions regulations on gas
turbine combustion systems with emphasis on NOx emissions reduction. Emerging
technological combustion schemes to reduce NOx commonly employ lean premixed combustion.
Decreases in NOx are globally obtained by flame temperature decrease and locally improved by
homogeneity of the reacting mixture. A new micro fuel injection swirler, capable of providing
efficient and rapid mixing over a short distance, is presented in this thesis. The conception of the
Micro Fuel Injection Swirler (MFIS) was motivated by the need for enhanced mixing devices in
lean premixed combustion and the capabilities of a micro manufacturing technique developed at
Louisiana State University in conjunction with Mezzo Technologies. The MFIS uses a circular
array of porous panels manufactured with an internal fluid cavity which allows for micro scale
fuel distribution. The fuel is injected perpendicular to the blade opposing the oncoming stream
of air which produces a highly turbulent swirling flow to enhance combustion stability at ultra
lean operation necessary to reduce NOx emissions.
A process was developed to fabricate and assemble the MFIS economically and reliably
while ensuring dimensional stability. A benchmark swirler was also manufactured with similar
dimensions as the MFIS but none of the inherent geometry characterizing the advantages of the
MFIS. A combustion chamber was designed and fabricated to provide testing infrastructure for
verifying the performance of the MFIS.
Combustion results indicated that the MFIS was capable of achieving relatively lower
equivalence ratios at LBO compared to benchmark cases tested. At a set equivalence ratio, the
MFIS produced higher flame temperatures, higher heat release rates, and comparable NOx
emissions. At equivalent operating temperatures, the MFIS produced nearly equal NOx
emissions compared to the perfectly premixed case. Hydrogen testing showed that the lean
blowout limits could be extended with hydrogen addition, providing further reduction in NOx
while allowing stable combustion. In summary, the MFIS was capable of providing efficient
air/fuel mixing over a short premixing distance, affirming its effectiveness in lean premixed
combustion systems.

xiii

CHAPTER 1 INTRODUCTION
1.1 Gas Turbine Combustion
Gas turbine engines are the most commonly used energy conversion system in industrial
applications. Large land based gas turbine engines burn natural gas to generate electricity for
industrial plants and cities while smaller lightweight designs are employed in aircraft
applications to produce electricity and generate the thrust necessary for creating lift. Among
major combustion energy converting devices, gas turbine engines have demonstrated the highest
operating efficiency while producing the fewest environmental pollutants. Also, due to low
capital costs required to introduce new gas turbine systems into current applications, they have
become the preferred power plant for industrial systems and play a vital role in the strategy to
meet future power requirements in the United States and worldwide [25].
Gas turbine engines produce useful power through a 3 step thermodynamic process. The
working fluid, typically air, is compressed usually in an axially staged compressor. In the
combustion stage, fuel is injected into the compressed air prior to or upon entering the
combustion chamber. In this stage, the mixture is ignited, releasing the chemical energy of the
fuel, causing a large temperature increase, hence a volumetric expansion under constant pressure
conditions. The high pressure, high temperature fluid, now possessing a much higher enthalpy,
expands through the turbine stage where the thermodynamic energy is converted into mechanical
energy as a result of the torque produced by reaction forces acting on the turbine rotor blades.
The turbine rotor blades are connected to the same shaft as the compressor. Some of the output
power of the turbine is used to drive the compressor while the rest is used to drive some other
process. In the case of a land based power turbine, the remaining output power is converted into
electrical power through a gas turbine driven generator, while in the case of an aircraft engine,
the rest of the power is converted into thrust by the high velocity gases exiting the engine nozzle
[20]. The combustor has a secondary effect on the efficiency of the gas turbine engine via the
combustion efficiency. If the combustion efficiency is below 100%, then some of the potential
chemical energy release from the fuel is lost, resulting in lower gas temperatures, hence less
available power extracted from the turbine [25]. The efficiency of the gas turbine is controlled
by the component efficiencies and the high cycle temperature. For combustion systems, this
implies high combustion efficiency and low pressure losses, typical cycle values being 99
percent and 2-8 percent of the compressor delivery pressure. Although the effect of these losses
is not so pronounced as the effects of inefficiencies in the turbomachinery, the combustor is a
critical component because it must operate reliably at extreme temperatures, provide a suitable
temperature distribution at the turbine inlet, and create the minimum amount of pollutants over a
long operating life [18].
There are three main types of combustion chambers in use for gas turbine engines. These
are the can (or tubular) combustor, the can-annular combustor and the annular combustor. For
the can combustor system (Figure 1.1a), the chambers are distributed radially around the engine
and the air leaving the compressor is split into a number of separate streams each supplying a
separate chamber. Each chamber has an inner flame tube around which there is an air casing.
Each chamber has its own fuel jet fed from a common supply line allowing each tube to operate
at the same pressure. This configuration also allows combustion to propagate around the flame
tubes during engine starting. A major advantage for this type was that development could be
carried out on a single can using only a fraction of the air and fuel flow. The can-annular
combustion chamber (Figure 1.1b) was an evolutionary product between multiple and annular
1

types. It uses individual flame tubes which are uniformly spaced around a common annular air
casing. This configuration provides a reduction in the length of the combustor and permits easy
access to the fuel nozzles and combustion cans for maintenance. The ideal configuration is the
annular chamber (Figure 1.1c) which consists of a single flame tube, completely annular in form,
which is contained in an inner and outer casing. The main advantage of this system is that for the
same power output, the length of the chamber is only 75 per cent of a can-annular system of the
same diameter, resulting in a considerable savings in weight and cost. Another advantage is the
elimination of combustion propagation problems from chamber to chamber. Disadvantages
include the difficulty in achieving an even fuel/air distribution and an even outlet temperature.
Also, it is weaker structurally and difficult to avoid buckling of the hot flame tube walls. These
problems were vigorously addressed and annular combustors are now commonly employed in
modern aircraft engines. Most industrial power generation gas turbine engines employ the canannular system due to its ease of maintenance, considering that space is not of critical concern
[18].

(a)

(b)

(c)
Figure 1.1 (a) Can (tubular) combustor (b) Can-annular combustor (c) Annular combustor [25]
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Due to growing energy demands and the need for increased fuel consumption efficiency,
environmental protection agencies are imposing more stringent emissions regulations on gas
turbine combustion. In particular, increased restrictions on NOx emissions, surging energy
production costs, and the competitiveness of the market have increased the need for innovative
solutions for combustion control and the development of new concepts applied to gas turbine
design [1]. In order to decrease pollutant emissions and increase fuel efficiency, gas turbine
manufacturers have focused efforts towards the development of new designs for combustion
chambers and fuel nozzles. With regards to NOx emissions reduction, emerging technological
combustion schemes commonly employ lean premixed combustion. In view of the fact that
NOx production is very sensitive to temperature, NOx decrease is globally obtained by flame
temperature decrease and locally improved by homogeneity of the reacting mixture [22].
Homogeneous mixing of the fuel and air combined with ultra-lean operation provide a reduction
of flame temperature and are key to its success in minimizing NOx formation. Increasing
environmental concerns will lead to heavier restrictions on NOx emissions from gas turbines
prompting a need to exploit this combustion technique to its maximum potential [6].
Achieving such low emissions levels requires combustors to operate at ultra-lean
conditions near the lean blow-off limit where gas turbine combustors are prone to combustion
instabilities. The spontaneous generation of unsteady flow oscillations in the combustion
chamber may induce high pressure fluctuations which can cause structural vibration and
excessive heat transfer to the chamber, flashback or blow-off of the flame, increased CO
emissions, or damage to the turbine blades consequently leading to failure of the system. To
resolve issues of flame stabilization, most lean premixed gas-turbine combustors utilize swirling
flows to stabilize the flame for efficient and clean combustion [1]. Current research efforts focus
on the development of lean premixed combustors which can attain effective mixing over a short
distance to mitigate problems of flashback while having strong resistance to blowout and
reduced NOx emissions.

1.2 Motivation for Research
Lean premixed combustion has emerged as the most effective method for lowering NO x
emissions because it achieves the lowest NOx concentrations while inherently limiting soot,
unburned hydrocarbons, and CO emissions and maintaining high efficiency and system
performance. Due to the high combustor exit temperatures present in high performance power
systems, nearly all the NO x formed is a result of the thermal formation mechanism. In light of
the previous statement, it is evident that lowering the adiabatic flame temperature would lead to a
reduction in the NOx formation rate, which is precisely the case. Lean premixed combustion
reduces NOx by premixing a fuel-air mixture at lower equivalence ratios. The NOx reduction is
attributed to two major factors. The excess air present in a lean mixture is used to increase the
thermal capacitance of the combustor flow and therefore lower the overall flame temperature.
Also, premixing creates a more uniform mixture which yields flame sheets with lower maximum
temperatures than the equivalent stoichiometric flame sheet temperatures of non-premixed
flames at the same overall equivalence ratio. Uniformity in the mixture also reduces the
possibility of local extinction events which would occur due to significant temperature gradients
present in the combustion zone normally present in poor mixtures (non-premixed combustion).
Heavy local extinction is likely to lead to liftoff and blow-off which characterizes the lean limit
of combustion. Better mixtures lead to a more even temperature distribution in the flame making
them less likely to exhibit local extinction and in turn permitting leaner mixtures. With regards
to the preceding statements, the key to success in lean premixed combustion is the mixture
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quality [17].
In most gas turbine combustion systems, the fuel is injected in the air stream through a
limited number of injection points due to space limitations. In order to achieve homogeneity in
the mixture, the combustor is designed so that there exists some considerable premixing distance
before the mixture reaches the combustion zone. As discussed, premixing over some distance
can inherently result in problems of flash back and combustion instability and increase pressure
losses. Also, the mixing distance adds considerable size and weight to the combustor which is of
primary concern in aircraft engines. In an attempt to mitigate these problems while
demonstrating an innovative mixing device, a novel pre-mixer was designed, fabricated and
tested to determine its applicability to lean premixed combustion systems. The new pre-mixer
employs distributed multi-point micro fuel injection into a customary swirler while utilizing a
turbulence grid pattern. An analogous but simpler fuel injection device was designed and tested
by Jian Zhang [25] without the use of a swirler. The proposed fuel injection device offers
numerous advantages such as a considerably shorter mixing length and residence time while
enhancing the mixing process by increasing turbulence intensity. In addition, the small scale of
the pre-mixer offers the potential to decrease the size and weight of the combustor, which is of
primary advantage for aircraft engines.

1.3 Research Objective
The conception of the micro fuel injection device was motivated by the need for
enhanced mixing devices in lean premixed combustion and the capabilities of a micro
manufacturing technique developed at Louisiana State University. The technique is a derivative
of the LIGA manufacturing process and is patented and commercialized by Mezzo Technologies
where it is employed in the production of micro heat exchangers. It offers the potential to
produce mixing devices which could provide improved combustion performance by enhancing
the mixing process as compared with conventional premixing concepts. Other potential
advantages include the ability to maintain steady combustion over a wide range of fuel
equivalence ratios, a reduction of NOx and CO emissions, and unburned hydrocarbons, and
reduced volume, weight, and cost. The goal of this research is to verify that the proposed mixer
is economically feasible from a manufacturing standpoint and that it shows some promise
warranting further research in its applicability to lean premixed combustion. To accomplish this
goal, the following tasks were completed.
1. The micro fuel injection panels were fabricated and the manufacturing process proved to
be flexible in producing many variations in the geometry of the injection panel. It was
also deemed suitable to be employed in mass production schemes since the practicality of
the device was dependent on the ability to manufacture it economically.
2. A manufacturing process was developed for integrating the micro fuel injection panels
into a swirler configuration that was both practical and reliable.
3. A combustion chamber was built specifically to test the micro fuel injection swirler so
that its combustion performance could be verified. Measured parameters included the
equivalence ratio, CH light intensity (heat release), combustion acoustics (pressure and
CH light variation), flame temperature, and NOx emissions. The chamber was also
designed to allow future testing under high pressure, high temperature operating
conditions.
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4. Experimental combustion results were obtained for the Micro Fuel Injection Swirler and
other test cases where mixing was accomplished by simple radial injection upstream of
the mixer. The results were compared to determine the improvement in mixing and
combustion performance provided by the Micro Fuel Injection Swirler (MFIS).
The primary goal of this thesis is to determine if the proposed mixing device provides a
suitable combustion performance relative to a well mixed case and whether or not the concept
should be investigated further as a means for providing low NOx emissions and stable
combustion in lean premixed combustion systems.

1.4 Thesis Overview
Chapter 1 provides an overview of the gas turbine engine and the importance of a reliable
and efficient combustor design. It then discusses issues associated with the combustion stage,
including NOx emissions, combustion instabilities, and combustion efficiency and the current
techniques being investigated to mitigate these problems, the most effective being lean premixed
combustion. Problems with lean premixed combustion are identified and a need for more
innovative mixing devices is recognized. The research goals of this project are then presented.
Chapter 2 provides insight into the basics of combustion and common terms used in association
with the combustion process. It also presents a discussion on flame characterization, flame
stabilization methods, mixing techniques, emissions terms, and combustion instability in
association with gas turbine combustion systems. Finally, it reviews current research in lean
premixed combustion and its advantage in reducing pollutant emissions, particularly NO x, as
well as some discussion on hydrogen enrichment as a means to lower the lean limits of
combustion. Chapter 3 explains the design and fabrication of the micro fuel injection panels and
the assembly of the Micro Fuel Injection Swirler (MFIS). Chapter 4 describes the design,
fabrication, and layout of the combustion chamber used to test the MFIS. Chapter 5 discusses
the instrumentation employed to obtain experimental data and ascertains measurement
uncertainties associated with the acquisition of data. It also illustrates the experimental setup and
specifies the testing conditions. The experimental results are presented in Chapter 6 and a
discussion of the interpretation of the results follows. Chapter 7 summarizes the main
conclusions of the project based on the experimental results and provides recommendations for
future testing and identifies areas requiring further research and development.
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CHAPTER 2 COMBUSTION OVERVIEW
This chapter provides insight into the basics of combustion and common terms used in
association with the combustion process. It also presents a discussion on flame characterization,
flame stabilization methods, mixing techniques, emissions terms, and combustion instability.
Finally, it covers current research in lean premixed combustion and its advantage in reducing
pollutant emissions, particularly NOx, as well as some discussion on hydrogen enrichment as a
means to lower the lean limits of combustion and provide enhanced flame stability at these
limits.

2.1 Combustion Terminology
Combustion is the rapid oxidation of a fuel source resulting in the release of heat. Heat is
a result of the internal energy released by the chemical bonds associated with the fuel molecules.
As the fuel is oxidized, the chemical bonds break up and form new molecules with a lower
chemical bond energy. The difference in chemical energy between the products and the
reactants is the heat released from the combustion process and is termed the enthalpy of
combustion. The heat energy released by the combustion reaction is valuable because it can be
converted into a usable form of energy by doing work on a system [24]. The combustion process
is a complex phenomenon characterized by many parameters such as the fluid dynamic mixing
between the fuel and oxidizer, chemical reactions linked to the kinetics and thermodynamics of
the mixture, and heat transfer to the system and surroundings [17]. The discussion that follows
will provide a basic understanding of the quantities which characterize any combustion system.

2.1.1 Combustion Stoichiometry
A perfect combustion process is achieved when a given amount of fuel is oxidized with
just the right amount of oxygen so that nothing is left over. If this is the case, the mixture is
termed stoichiometric. If there is more oxidizer present in the reactants than that needed by the
chemical reaction, the mixture is lean and the combustion process is oxidizing. Lean mixtures
usually result in a flame that is short and somewhat clear. If not enough oxidizer is present in the
mixture for a given fuel quantity, the mixture is rich and the combustion process is reducing. A
rich mixture leads to incomplete combustion, characterized by long smoky flames, because some
of the fuel is not oxidized. In addition to being the correct proportions, the fuel and air must be
well mixed to ensure that each fuel molecule is in close proximity with the oxidizer molecules.
For most combustion reactions, the oxidizer is air which is 79% nitrogen, 21% oxygen by
volume. Since the nitrogen does not take place in the reaction, it takes much more air to oxidize
a given quantity of fuel than it would pure oxygen. The only effect of the nitrogen is to absorb
some of the heat liberated by the combustion reaction, therefore lowering the adiabatic flame
temperature which is discussed in more detail later. The stoichiometric quantities of an oxidizerfuel mixture can be determined by performing an atom balance on the chemical reaction. For the
combustion of a hydrocarbon fuel in air, the balanced chemical reaction is defined by equation
2.1.
2.1
2.1.1
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The stoichiometric air-fuel ratio can be calculated by converting the moles of the reactants into a
mass basis using the molecular weight of each molecule. For the complete combustion of
methane (CH4) in air, the stoichiometric air-fuel ratio is 17.16 [15].

2.1.2 Equivalence Ratio
The equivalence ratio is a dimensionless quantity used to indicate whether or not a fueloxidizer mixture is lean or rich. It is defined on a mass basis by equation 2.2 as the
stoichiometric ratio of air to fuel divided by the actual air to fuel ratio of the combustion mixture.
2.2
Based on the definition, a fuel-air mixture is fuel lean when the equivalence ratio is below 1 and
fuel rich when the equivalence ratio is above 1. At stoichiometric conditions, the equivalence
ratio is unity. In any combustion system, the equivalence ratio is the single most important
factor characterizing the combustion process. The operating equivalence ratio affects system
acoustics, heat release patterns, flame temperature, and flow patterns of the products of
combustion [24].

2.1.3 Flammability Limits
Flammability limits define a region in which the combustion reaction is self-sustaining.
For a fuel-oxidizer mixture, there exists a lean (lower) limit and a rich (upper) limit beyond
which combustion is impractical or even impossible. Operation within the flammability limits
still warrants certain limitations based on the interaction of the combustion reaction with the
system in regards to combustion instability, efficiency, and emissions. As an example, in gas
turbine combustors, certain combinations of air and fuel may generate combustion instabilities as
a result of the feedback interaction of the heat release pattern with the acoustic pressure field.
Depending on the frequency and magnitude of these instabilities, the combustor may be rendered
inoperable [15].
Although stated flammability limits are based on the direct physiochemical properties of
the fuel-oxidizer mixture, actual experimental flammability limits usually vary due to mixture
properties, reacting flow field, and heat losses to the surroundings. At high temperatures (1800
K) typical of combustion systems, heat radiation becomes the dominant mode of heat transfer.
Even if the conduction and convection mechanisms are neglected, considerable heat can be loss
by radiation to the surroundings. The flame ceases to propagate when the heat loss to the
surroundings is greater than the heat generated by the combustion reaction [24]. If a particular
system is more susceptible to radiation losses, the flammability limits will be affected. If the airfuel mixture is poorly mixed, all of the fuel may not be oxidized in the reaction, leading to
incomplete combustion, which would alter the flammability limits. The ability to achieve good
mixing is the governing parameter in the design of lean premixed combustors. The
physiochemical lean flammability limit is approached as the mixture of fuel and oxidizer
approaches a perfect molecular distribution.
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2.1.4 Ignition
The chemical reaction between a fuel and oxidizer can occur very slowly at room
temperatures. As the fuel and oxidizer react, the heat liberated by the reaction increases the
temperature of the surroundings. If the heat is confined to a local area where fuel and oxidizer
are present, the reaction rate will speed up as the temperature increases. This process may
continue until the reaction becomes self-sustaining, meaning that the heat released by the
reaction is sufficient to cause rapid oxidation of the fuel source leading to spontaneous
combustion. In most cases, there are no provisions to collect heat in a confined region of the
mixture so a large amount of heat must be supplied locally. In practical combustion systems, the
reaction is initiated by an external heat source such as an electric spark. Once the reaction is
initiated, it will sustain itself if it is releasing heat faster than heat is lost to the surroundings.
The temperature necessary to continue the reaction process is called the minimum ignition
temperature. If too much heat is lost to the surroundings, such as the case of a flame contacting a
cold wall or being hit by a cool stream of air, the flame temperature may drop below the
minimum ignition temperature and become quenched. In lean premixed combustion, the flame
temperature is reduced by adding excess air to the mixture. When too much air is present, the
flame temperature drops below the minimum ignition temperature, and therefore ceases to
propagate. If the air-fuel mixture is poor, regions of the flame will become quenched before the
reaction ceases and large quantities of fuel may go unburned [15].

2.1.5 Enthalpy of Combustion
If a certain fuel is mixed with a stoichiometric quantity of oxidizer and the reaction takes
place in a closed adiabatic chamber, the amount of heat liberated by the reaction is proportional
to the temperature increase of the mass in the chamber. The enthalpy of combustion is the
measured amount of heat released by the complete oxidation of a fuel source and has been
determined for various common fuels. It is defined as the difference in enthalpy between the
reactants and products at the same temperature. The enthalpy of combustion is also referred to
as the heating value. Any specific fuel has a higher heating value and a lower heating value.
The higher heating value, also called the gross heating value, is obtained when the H2O in the
products is completely in the gaseous state (steam). The lower heating value results when the
H2O in the products has condensed into the liquid state (water). The difference is simply the
latent heat of vaporization of H2O. For methane (CH4), the difference between upper and lower
heating values is approximately 11% [24].

2.1.6 Flame Temperature
In a combustion process, for the products to be at the same temperature as the reactants,
all of the heat liberated by the reaction would have to be transferred away from the process. In
an adiabatic process, no heat is transferred to the surroundings and all of the heat liberated by the
combustion process goes into increasing the sensible enthalpy of the products (i.e. increase in
temperature). In this case, the enthalpy of the products is equal to the enthalpy of the reactants
since no heat energy is lost to the surroundings [20].
2.3
The adiabatic flame temperature represents the temperature of the combustion products if no heat
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were lost to the surroundings, assuming complete combustion. Any combination of fuel and
oxidizer has a representative adiabatic flame temperature dependent on the equivalence ratio. If
the mixture is lean (Φ < 1), the excess air will absorb some of the heat released by the reaction
and the flame temperature will be lower. Even with small amounts of excess air or fuel, the
flame temperature can be drastically lowered. As an example, the adiabatic flame temperature of
natural gas and air is lowered 262°F with 16.2% excess air. Under certain conditions,
particularly high temperatures, a process called dissociation (reverse combustion) can occur.
Dissociation is the breaking down of combustion products into combustibles and oxygen. When
this occurs, heat is absorbed by the reaction, therefore, lowering the flame temperature. As the
flame temperature is lowered, dissociation reactions decrease and strike a balance with the
combustion reaction. The adiabatic flame temperature is the maximum temperature that occurs
when the dissociation reaction is balanced by the combustion reaction [15]. It is defined by
equation 2.4.
2.4
Knowledge of the flame temperature is important because it drives the primary combustion
reaction which determines the flame speed and stability. It also dictates the formation of the
combustion products, including pollutant emissions such as carbon monoxide (CO), nitrogen
oxides (NOx), and unburned hydrocarbons, which are of great concern in practical combustion
systems [2].

2.1.7 Flame Speed and Thickness
The flame is a region where the combustion reaction occurs at a rate such that visible
radiation is present [15]. In lean hydrocarbon combustion, the flame appears blue due to excited
CH radicals in the high temperature zone. In rich hydrocarbon combustion, the flame appears
blue-green due to excited C2 radicals [24]. The flame front is the three dimensional surface
present where the reaction begins and can be thought of as the dividing line between reactants
and products. The flame front appears stationary in stable burner flames because the flame is
moving toward the burner at the same speed that the reactants are coming out of the burner. The
speed at which the flame travels is termed the flame speed. If the flame speed is lower than the
speed at which reactants are being fed from the burner, the flame will blow-off and cease.
Conversely, if the flame speed is greater than the burner feed speed, the flame will travel into the
burner possibly as far as the mixing point. This occurrence is called flashback. Therefore, a
flame is stabilized in a region where its speed matches the speed of the reactant mixture [15].
The flame speed is then defined as the velocity of the unburned reactant mixture in the direction
normal to the flame front [11].
The laminar flame speed can be determined analytically by applying the one dimensional
conservation equations. The resulting analysis yields equations 2.5 and 2.6 for the laminar flame
speed (SL) and flame thickness (δL).
2.5
2.6
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Applying the appropriate temperature and pressure scaling laws, equations 2.5 and 2.6 yield the
following expressions:
2.7
2.8
Based on the resulting equations, the laminar flame speed has strong temperature dependence
and weak pressure dependence for hydrocarbon flames where the global reaction order (n) is
about 2. The main effect of the equivalence ratio on flame speed is its effect on the flame
temperature. As mentioned before, fuel lean conditions with excess air will result in a lower
flame temperature, hence, a lower flame speed and larger flame thickness. The flame thickness
is of much importance with regards to combustion efficiency in gas turbine engines. A very
short, compact flame is most desirable so that the combustion process completes before entering
the first turbine stage. If the reaction is still occurring during the turbine stages, there is a
decrease in cycle efficiency because not all of the potential expansion work has been utilized.
The flame speed is a critical parameter in gas turbine combustors because it determines the
location of the flame stabilization point and whether or not the flame would flashback or blowoff. A highly lifted flame would be undesirable for the same reasons of a long (thick) flame.
Conversely, a flame that flashes back or stabilizes on the burner may cause permanent damage to
the combustor. Fuel type also affects the flame speed and thickness. For example, hydrogen’s
flame speed is about 5 times greater than methane’s flame speed. This is due to hydrogen’s
higher thermal diffusivity and higher mass diffusivity. It also has rapid reaction kinetics since the
relatively slow CO → CO2 step that is a major factor in hydrocarbon combustion is absent [24].
In most industrial combustion systems, the flow is turbulent and therefore, the flame
speed is denoted as the turbulent flame speed. Unlike a laminar flame which depends on the
thermal and chemical properties of the mixture (pressure, temperature, fuel type, and equivalence
ratio), a turbulent flame is characterized by flow properties such as the turbulence intensity and
mixture dynamics which cannot be reliably predicted except for specific cases [15]. Figure 2.1
illustrates the effect of turbulence on the flame front where reactants are flowing from a tube.

Figure 2.1 Effect of turbulence on a flame front [24]
The image on the left side of the figure shows several instantaneous turbulent flame fronts. The
image to the right represents the time averaged flame front. The thickness of the time-averaged
flame front is referred to as the flame brush thickness. The convoluted folds in the instantaneous
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flame fronts are a result of the turbulence intensity which essentially acts to wrinkle and distort
an otherwise laminar flame front. The turbulent wrinkling inherently produces a turbulent flame
front with more surface area than a smooth laminar flame front. The essential difference
between the turbulent flame speed and the laminar flame speed is simply the difference between
the wrinkled flame area and the time-averaged flame area as seen in equation 2.9.
2.9.1
2.9.2
The concept of wrinkled laminar flamelets has been used to develop many theories relating
turbulent flame speeds to flow properties. One common approach is to use the Damkohler model
given by equation 2.10 which calculates the turbulent flame speed as function of the laminar
flame speed and the turbulence intensity (u’).
2.10
Based on the Damkohler model, the turbulent flame speed is increased by increasing the
turbulence intensity. This is a key result when considering combustor designs for lean premixed
systems since flame holding is a major issue at the lean limits of combustion. By increasing the
turbulence intensity, the turbulent flame speed is increased resulting in a flame that is more
resistant to strain and less likely to blow-off [24]. Table 2.1 provides data on combustion
properties of several common fuels used in industrial combustion systems.
Table 2.1 Combustion properties of various fuels

2.2 Classification of Flames
Flames can be classified based on various criteria. In regards to the mixture, a flame can
be non-premixed or premixed. When considering the flow dynamics, flames can be laminar or
turbulent. Turbulent flames can be further classified into wrinkled laminar flames, flamelets in
eddies, and distributed reactions. These turbulent flame regimes are determined by the flow
dynamics and chemical kinetics of the mixture.
In a non-premixed (diffusion) flame, the reactants are initially separated and the reaction
occurs at the interface where the fuel and oxidizer are mixed, by diffusion, at stoichiometric
proportions. An example of a diffusion flame would be a candle. In a premixed flame, the fuel
and oxidizer are mixed to some degree before the reaction takes place. The reaction zone occurs
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at a location where the convective velocity of the reactants matches the rate of consumption
(flame speed) of the reactants. This stabilizing method allows premixed flames to burn at a
range of equivalence ratios within the flammability limits of the fuel. Most industrial
combustion systems like gas turbine engines employ premixed combustion schemes. One of the
major disadvantages to premixed combustion is the occurrence of flashback.
Premixed turbulent flames are further classified into separate flame regimes based on the
turbulent flow dynamics and the chemical kinetics of a mixture of fuel and oxidizer. Turbulence
is a result of flow instabilities leading to random fluctuations of local velocity components [24].
As a result of velocity gradients in the local flow, eddies are formed over a wide range of length
scales which can be quantified by calculating the Reynolds number of the flow [14]. The higher
the Reynolds number, the greater the range of length scales present in the flow. Due to the
intense fluctuations on many length scales, turbulent motion permits momentum, species, and
energy to be transported in the cross stream direction much faster than the molecular diffusion
process governing transport in laminar flows. As a result, practical combustion systems utilize
turbulent flows to provide rapid mixing and heat release in small volumes [24].
A useful way to characterize a turbulent flow field is to define mean and fluctuating
quantities. The velocity at any point in the flow is the mean velocity (ū) plus the fluctuating
velocity (u’). Figure 2.2 illustrates the velocity as a function of time at a fixed point in a
turbulent flow. The turbulence intensity of a flow is defined as the root mean square of the
fluctuating velocity component (u’), given by equation 2.11 [24].
2.11

Figure 2.2 Velocity as a function of time at a fixed point in a turbulent flow [24]
Turbulence can be described on four different length scales.
L
ℓ0
ℓλ
ℓK

Characteristic width of flow or macroscale
Integral scale or turbulence macroscale
Taylor microscale
Kolmogorov microscale

The three turbulent flame regimes, outlined below, are defined by the relationship between the
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laminar flame thickness and the lengths scales present in the flow.
Wrinkled laminar flames:
Flamelets in eddies:
Distributed reactions:

δL ≤ ℓK
ℓ0 > δL > ℓ0
δL > ℓ0

If the laminar flame thickness is thinner than the smallest scale of turbulence, the thin laminar
flame front is only wrinkled by the turbulent motion. On the other extreme, the reaction zone is
controlled by the turbulent motion if it is larger than all the scales of turbulence. This regime is
termed distributed reactions. The Damkohler number is a non dimensional number
characterizing the flame regime of a turbulent flame and is defined in equation 2.12 as the ratio
of the flow mixing time to the chemical reaction time.
2.12
A Damkohler number that is greater than one indicates that chemical reaction rates are fast in
comparison with fluid mixing rates. A Damkohler number much less than one, indicates that
reaction rates are slow in comparison with mixing rates. Characterization of the turbulent flame
regime is based on knowledge of the Damköhler number and the turbulent Reynolds number
Reℓ0 using Figure 2.3 [24]. The three turbulent flame regimes are depicted in Figure 2.4. Most
flames in industrial combustion systems are classified into the thin reaction sheets regime.

Figure 2.3 Turbulent premixed flame regime diagram [24]
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(a)

(b)

(c)

Figure 2.4 (a) wrinkled laminar flame (b) flamelets in eddies (c) distributed reactions [24]

2.3 Flame Stabilization
One of the most critical aspects of a gas turbine combustor is its ability to produce a
stable flame at a wide range of operating conditions. As noted previously, an unstable flame
may result in flashback, blowoff or liftoff. These are all related to the matching condition of the
flame speed with the local flow velocity.

2.3.1 Flashback, Liftoff, and Blowoff
Flashback is an event where the flame speed exceeds the local velocity of the incoming
reactants and travels upstream away from the intended stabilization point. If this occurs, the
flame may stabilize on the burner causing permanent damage or failure of the combustor. In
most cases, flashback is not maintained due to quenching effects of the cool burner walls. In
lean premixed combustors, flashback is of primary concern since the air and fuel are well mixed
prior to reaching the intended stabilization point. The parameters governing flashback are fuel
type, equivalence ratio, flow velocity, and combustor geometry.
Liftoff is a condition where the flame is stabilized at some point downstream of the
burner lip. This is undesirable for many reasons, one being the escape of unburned gases
resulting in incomplete combustion. This would reduce efficiency and contribute to pollutant
emissions in the form of unburned hydrocarbons. Ignition is also hard to achieve above the
lifting limit. For a stable burner flame, the edge of the flame lies close to the burner lip due to
low velocity regions associated with the boundary layer along the burner wall. As the reactant
velocity is increased, the cone angle of the flame decreases and the edge of the flame is displaced
a small distance downstream. As the velocity is increased further, a critical point is reached
where the local flame speed cannot match the reactant feed velocity at any point in the flow.
When this happens, the flame is said to be lifted because it jumps to some position farther away
from the burner lip. Eventually, the flame cannot hold anywhere in the flow and it abruptly
blows off, obviously an undesirable condition. Figure 2.5 illustrates the effects of flashback,
liftoff and blowoff for two different fuels: natural gas (Figure 2.5a) and a manufactured gas
containing hydrogen (Figure 2.5b). The abscissa is proportional to the burner exit velocity for a
fixed gas and burner size. From the figure, flashback occurs at low feed velocities and slightly
rich mixtures when the flame speed is highest. It is also evident that methane provides more
tolerance to flashback than the manufactured gas. This is a result of the high flame speed of
hydrogen found in the manufactured gas. Since the flame speed of methane is relatively low
with respect to hydrogen, it is more prone to lifting, which is depicted in Figure 2.5a by a large
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lifting zone. Current research in lean premixed combustion aims to burn hydrogen blended fuels
in an effort to reduce the lean blow off limits. Operating at leaner conditions would result in
lower overall temperatures in the combustor, therefore allowing a reduction in NO x emissions.
As noted, the major challenge associated with burning hydrogen is its susceptibility to flashback
due to its high flame speed. The following discussion outlines common flame stabilization
techniques used in industrial combustion systems and provides insight into the design of newer
combustion technologies [24].

(a)

(b)

Figure 2.5 Stability diagram for (a) natural gas (b) manufactured gas [24]

2.3.2 Stabilization Techniques
2.3.2.1 Bypass Ports
Industrial burner flames are stabilized by the use of bypass ports. Some of the air-fuel
mixture enters the bypass ports and travels up to the flame holder at a much lower velocity than
the main stream gas flow. These low velocity ports provide a stable flame near the main flame
and can re-ignite the main flame in the event that it blows off. To accomplish this, a gas mixer is
provided upstream and the bypass ports act much like a pilot flame [24].
2.3.2.2 Burner Tiles
Some industrial burners employ burner tiles to stabilize the flame. The burner tiles create
a refractory passageway radiating heat back to the flame. This virtually adiabatic boundary helps
to maintain near adiabatic flame temperatures which keeps the turbulent burning velocity high as
a result of a higher laminar flame speed due to increased temperatures. In some cases, the burner
tiles may be designed with a divergence angle to create boundary layer separation and
recirculation within the passageway. The hot combustion products are recirculated upstream and
mixed with the incoming reactants to promote ignition [24].
2.3.2.3 Bluff Bodies
Many gas turbine combustors producing turbulent flames use a bluff body stabilization
method. The presence of a bluff body in the main stream flow produces a wake region where the
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boundary layer separates and the hot combustion products are recirculated back into the
oncoming reactant mixture promoting ignition. The separating flow also induces a shear flow
layer between the main flow travelling downstream and the recirculating flow travelling back
upstream. In the low velocity shear layer, the flame speed is able to match the local flow
velocity therefore providing a stable flame. The bluff body acts as the flame holding device
where the flame is typically anchored close to the outer edge of the bluff body. Since flame
stabilization is provided by the wake of the bluff body, liftoff and blowout are usually governed
by processes occurring near the recirculation zone [24].
2.3.2.4 Sudden Expansion
Similar to the bluff body technique, some combustors employ the use of a sudden
expansion, or backward facing step. The rapid increase in area due to the sudden expansion
creates a sudden flow divergence which causes flow separation. If the combusting flow is
confined, the flow separation causes a recirculation of hot combustion products in the corner
region of the step. Similar to the central recirculation region induced by the bluff body, the
corner recirculation region formed by the sudden expansion helps to ignite the oncoming
reactants and provides a low velocity shear layer which allows the flame to stabilize. The
inherent confinement of gas turbine combustors provides an ideal geometry for employing the
sudden expansion stabilization mechanism [24]. Figure 2.6 illustrates the recirculation zones and
shear layers produced by the bluff body and sudden expansion geometry.

Figure 2.6 Recirculation produced by bluff body and step stabilization mechanisms [21]
2.3.2.5 Swirl and Recirculating Flows
As discussed previously, the creation of a recirculation zone by a solid obstruction or
rapid area change helps to anchor the flame by creating a strong shear flow in the recirculation
zone. A similar effect can be achieved by introducing a swirl component to the reacting flow
using a mechanical swirler or directing jets into the combustion space [24]. Swirling flows are
commonly used in industrial burners and gas turbine combustors because of their many
advantages. In premixed gas turbine combustors, swirling the reactant gases improves mixing
and increases residence time. It also increases turbulence intensity to enhance the turbulent
flame speed, and produces a strong shear flow in the combustion zone which aids in anchoring
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the flame. All of these improvements contribute to flame stabilization, however swirling flows
have been known to introduce combustion instabilities as a result of the strong recirculating
flows. Figure 2.7 illustrates the characteristic flow field of a swirling flow.

Figure 2.7 Swirl induced center recirculation zone [24]

2.4 Mixing Methods
In premixed combustion systems, the degree of mixedness between the air and fuel
greatly affects the combustion performance in many ways. Improved mixing can increase
combustion efficiency by ensuring that all of the fuel is oxidized. Uniformity of the flame can in
return, reduce combustion instabilities and lower NOx emissions. Efficient and rapid mixing
schemes can reduce combustor size and weight which is of great importance particularly in
aircraft applications. Because of the numerous advantages associated with efficient and compact
mixing systems, many research studies focus on the mixing dynamics between the air and fuel in
an effort to develop better mixing schemes. There are two general types of mixing methods:
passive mixing and active mixing. Passive mixing occurs through the use of physical geometry
within the flow stream. Passive mixing schemes include the use of swirl vanes, venturi tubes,
un-streamlined bodies, and fluid jets to generate turbulence over a range of scales. They are
simple, usually easy to implement, and function effectively under normal design conditions, but
provide modest performance under transient or off design conditions. Active mixing schemes
control the flow and interaction of fuel and air using an active feedback control system. They are
usually more complex but provide the most stable performance over a wide range of operating
conditions [25].

2.4.1 Passive Mixing Methods
Passive mixing methods are usually employed in premixed combustors where efficient
mixing of the fuel (reactant) and air (oxidant) is desired before the reactants reach the
combustion zone. Two conditions must be satisfied for the combustion reaction to occur rapidly.
There must be a sufficient amount of heat to initiate the reaction process and the interacting
molecules, air and fuel, must be in close molecular proximity with each other. The heat supply
for the reaction is initially introduced by electric spark but the continuous flow of heat into the
reaction zone is affected by the flow dynamics of the reaction zone itself. The flow dynamics are
a direct result of the mixing scheme and stabilization methods, i.e. flow recirculation, used in the
combustor. The main factors characterizing the mixing effectiveness of a premixer are residence
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time, turbulent energy dissipation rate, and fuel injection distribution and location.
The residence time is defined as the length of time in which the air and fuel interact prior
to the combustion reaction. Since mass diffusion depends on time, a longer residence time
typically results in a more uniform mixture of fuel and air. Longer residence times are typically
achieved with larger combustors providing a longer mixing length. This is undesirable since the
size and weight of the combustor is of great concern particularly in aircraft engines.
The turbulence energy dissipation rate characterizes the level of turbulence present in the
flow. Higher turbulence leads to better mixing due to cross stream flow. The intersection of the
two streams, fuel and oxidizer, produces a highly turbulent shear flow region which is
characterized by the interaction of each stream’s mass and velocity, or momentum. The degree
of turbulence along the surface of interaction is proportional to the shear forces along the micro
scale zone of contact.
The fuel injection location plays a major role in the mixing process of two different
species. Injecting the fuel in a region of high turbulence produces efficient mixing because it
convectively transports mass species across streamlines as opposed to simply relying on mass
diffusion processes.
In theory, the most efficient and complete combustion is achieved when the reacting
species are mixed at a perfect molecular level. This is when each molecule of fuel is uniformly
spatially surrounded by the stoichiometric amount of oxidizer required for combustion. Passive
mixing methods attempt to achieve high levels of mixing through three different types:
entrainment mixing, mechanical mixers, and injection mixing [25].
2.4.1.1 Entrainment Mixing
Entrainment of a fluid stream occurs when one gas stream with a high velocity (e.g. fuel)
induces the flow of another gas (e.g. air). The low static pressure of the high velocity stream
induces the flow of the low velocity stream. For example, a gas jet venturi premixer uses kinetic
energy in the gas to induce air in direct proportion to the gas flow. This type of premixer doesn’t
require an air blower or compressor and is primarily used in domestic gas burning appliances and
small atmospheric burners. Industrial applications requiring more complete rapid mixing rarely
employ entrainment premixers [25].
2.4.1.2 Mechanical Mixers
In mechanical mixers, the fuel is injected into the main flow and the two streams are
stirred by moving mechanical parts such as a compressor or fan blades. Static swirl vanes are
also classified as mechanical mixers because they effectively swirl the flow, introducing a
tangential velocity component. The swirling action produces many shear layers in the flow
which greatly enhances turbulence intensity transporting species across streamlines. Although
mechanical premixers are very effective in achieving high levels of mixedness, a major
disadvantage is their susceptibility to flashback. If flashback were to occur, the combustible
mixture could ignite while in the premixer, causing permanent damage and failure [25].
2.4.1.3 Injection Mixing
Injection mixers achieve mixing by distributing the fuel into the main stream flow using
high velocity jets which inherently increase the turbulence intensity and produce shear flow
regions. Injection mixing schemes are characterized by the relative directions of the mixing
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streams and are classified into three types (i.e. co-flow injection, counter-flow injection, and
cross-flow injection). Jet flow studies show that momentum ratio, area ratio, and absolute
velocity are the characteristic parameters determining the mixing effectiveness of an injection
scheme [3]. Uniform mixing of the fuel and air is accomplished by optimizing the momentum
ratio between the two streams as well as the location and uniformity of injection holes in the
premixer.
Co-flow injection is achieved when the fuel is injected parallel and in the same direction
as the main stream flow. In the co-flow injection scheme, a thin shear layer forms between the
two mixing streams. The momentum difference between the two streams induces turbulent flow
which enhances mixing by increasing the area and strength of the shear layers. When the
velocity difference between the two streams is high, the induced turbulence thickens the shear
layers resulting in an intermixing of the components of the two streams. When the momentum
differentials are small, the shear layers remain thin, convective mixing is reduced, and mixing is
dominated by much slower mass diffusion processes.
In a counter-flow injection scheme, the fuel is injected parallel but opposite to the
oncoming mainstream flow. Counter flow injection increases the spreading rate of the jet. In the
counter-flow scheme, turbulence and shear are strongest due to the much larger relative velocity
difference between the opposing streams. This configuration is the most effective but also the
most difficult to achieve with physical hardware.
When the fuel is injected in a direction not parallel to the mainstream flow, it is classified
as cross flow injection. Since the air and fuel streamlines are intersecting one another, the shear
layers are intertwined and become much more complex than in the co-flow case. The rate of
mixing is not only determined by the area, velocity, and momentum ratio, but also by the angle
of intersection [25]. In a paper on cross flow injection studies, Doerr concluded that for the case
of non-reacting, multiple jets in crossflow, the mixing efficiency greatly depends on the
momentum flux ratio of the two streams [4]. If the momentum of the fuel jet is too high relative
to the mainstream flow, then the fuel jet may impinge on the opposing wall and mixing may be
reduced. In contrast, if the momentum of the fuel jet is too low, it may not penetrate far enough
into the main stream flow resulting in less efficient mixing. The design of a cross flow injection
scheme must be optimized to provide the most efficient mixing. In spite of this, cross flow
injection is commonly used in industrial combustors because is the easiest implement within the
physical hardware.

2.4.2 Active Mixing Methods
Much different from passive methods, active mixing methods use a feedback control
system to actively control the flow and interaction of fuel and air in the combustion system by
observing thermodynamic quantities such as the temperature and pressure field within the
combustor. They generally provide the most stable combustion performance in comparison to
passive methods but are complex and more costly to implement. Three primary active mixing
techniques are the use of secondary jets, acoustic forcing, and synthetic jet actuators [25].
2.4.2.1 Secondary Jets
Secondary jets of air or fuel are sometimes used to provide spatial and temporal control
over the mixing process near the exit plane of the primary flow, where the combustion reaction is
occurring [25].
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2.4.2.2 Acoustic Forcing
Acoustic forcing enhances mixing by acting on the pressure field. The applied acoustic
input is determined by measuring the pressure dynamics of the main stream flow. Acoustic
forcing enhances turbulence intensity by driving the turbulence length scales to even finer scales.
This strengthens the shear layers developed between the interacting flow streams and helps to
transport species across the main flow, therefore providing a substantial increase to the degree of
mixing [25].
2.4.2.3 Synthetic Jet Actuators
Synthetic jet actuators control the distribution of the species in a mixture by sucking
gases from all directions and ejecting them at a much higher velocity. It operates through the use
of a closed loop control system which continuously monitors the jet flow parameters where
adjustments are then made to the actuator to improve the mixing process. They have a net massflux momentum transfer of zero. By this process, the mixture distribution is carefully controlled
while turbulence and shear are generated by the high velocity jets [25].

2.5 Combustion Instabilities
Due to unsteadiness and interaction of the various processes involved in combustion,
instabilities arise in the combustion chamber sometimes leading to pressure oscillations. Such
processes include the mixing between fuel and oxidizer, chemical reactions involving many
species, and heat transfer to the systems and surroundings. Since combustion normally occurs in
a confined system, instabilities can arise as a result of the acoustics specific to the length scales
of that system. These instabilities lead to unsteady heat release and pressure oscillation within
the combustion chamber which in turn could decrease the combustion efficiency or possibly
cause permanent damage to the system. While they are mostly problematic and difficult to
control, in some cases they can be beneficial [17].

2.5.1 Types of Combustion Instabilities
In general, combustion instabilities can be classified into two general types: intrinsic
instabilities and system instabilities. Intrinsic instabilities do not depend on the specific
combustion system but on the physiochemical properties of the combustion process itself.
System instabilities are a function of the confining system in which the combustion process
occurs. System instabilities can also be grouped into those which occur as result of the
combustion chamber itself and those associated with components of the system, such as inlets
and exhausts, and the fuel feed system [17].
2.5.1.1 Intrinsic Instabilities
Intrinsic instabilities depend on the physiochemical properties of the fuel-oxidizer system
and are related to the basic processes of combustion, such as chemical kinetics, diffusion, and
convection. The processes leading to various intrinsic instabilities are simultaneously present
within the reaction system and may interact with each other creating complex and dynamic
flames. The length scales of the instabilities are usually small since they are on the order of
those characterizing the flame. Due to the fact that they are nearly constant pressure processes,
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intrinsic instabilities are not so problematic because they are more likely to modify the
combustion dynamics and heat release than to couple directly with the system parameters [17].
2.5.1.2 System Instabilities
System instabilities are classified as those due to fluid dynamic instabilities, acoustic
instabilities, and those resulting from specific system components. Fluid dynamic instabilities
refer to those formed by shear flows characterized by the Strouhal number which depends on a
length parameter such as a jet diameter. They are usually referred to as Kelvin Helmhotlz (K-H)
instabilities and can form large scale organized structures within the combustion region. The
periodic heat release within the structures may produce oscillations which could couple with the
system acoustics to produce even larger oscillations leading to further instabilities. Since
practical combustion systems involve shear flows, the K-H type instabilities play an important
role in the combustion process. In confined combustion systems, pressure fluctuations can set up
standing waves which could impose on the shear layer resulting in changes in the vortex
shedding and merging patterns. If the acoustic oscillations are large enough, the vortex shedding
and merging patterns may be driven to frequencies unrelated to the K-H instability. In most
practical combustion systems, the combustion chamber is not separate from the rest of the
system hence instabilities in the combustion zone may interact with other features of the system,
such as inlets and exhausts. In a dump combustor for example, the shear layer at the inletcombustor junction is affected by the acoustics of the inlet and the combustor. The acoustics can
couple and alter the vortex dynamics. The burned and unburned vortices may then interact with
the exhaust nozzle as they exit the combustion chamber and produce further instabilities in the
flow. In some instances, pressure oscillations in the combustion chamber may cause fluctuations
in the fuel flow rate which in turn could lead to further amplifications of the pressure oscillations
within the combustion chamber. Though combustion instabilities are characterized by complex
interactions within the combustion chamber, the principle by which they occur is a result of the
coupling between heat release and the system parameters confining the combustion process [17].

2.5.2 Common Modes of Combustion Instability Development
Vortex-nozzle instabilities arise when vortex structures at the combustor-inlet junction
roll up and merge with each other and then impinge on the wall of the nozzle. Velocity and
pressure perturbations are formed as the large scale structures impinge on the nozzle and they
then propagate upstream as acoustic waves. As the waves reach the combustor-inlet junction,
they effect the development of shear layers in the combustion region and modify the dynamics of
the flow. In reacting flow, it results in periodic heat release which could then couple with the
system acoustics leading to further development of instabilities.
Vortex driven instabilities occurs when acoustic perturbation cause periodic vortex
shedding in the shear layers at the dump plane. A combustible mixture is carried into the hot
wake of the flame stabilizer by vortices shed behind the bluff body. Pressure pulses are released
when the mixture burns after a certain time delay and when in phase with each other, energy is
fed back into the acoustic field. This closed loop process continues in a resonant manner which
sustains combustion instability.
Dump instabilities are caused by the interaction between vortices at the dump plane
leading to growth of the shear layers. As small vortices merge to produce larger ones, the large
strain rates on the interacting structures generate fine scale turbulence which aids the mixing
process and enhances combustion performance. This merging process is accelerated when the
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shear layer experiences a combination of frequencies. Various frequencies may be present due
to other instabilities such as those due to vortex-nozzle interactions or system acoustics. The
transition from large scale flow to fine scale turbulence enhances the molecular mixing between
the reactant species, thus leading to a sudden increase in heat release. In this instance,
instabilities can aid the combustion process by enhancing the mixing of reactants.
Another specific type of instability occurs in bluff body stabilized combustors operating
at a high fuel to air ratio. The instabilities are a result of the interaction between pressure waves
in the combustion chamber and unsteady heat release in the combustion zone. As the pressure
waves pass through the flame front just downstream of the flame holder, the heat release pattern
is altered due to distortions along the reaction surface. Near stoichiometric conditions, the
pressure amplitude and frequency are greatest. Increasing the bulk flow velocity reduces the
amplitude but increases the frequency [17].

2.6 Pollutant Emissions
Pollutant emissions are a major design consideration in modern combustion systems.
The ability to control and reduce environmental pollutants is a key motive in the design of new
combustion technologies. As energy demands continue to increase, environmental regulations
become more stringent bringing about the need for combustion systems to be more fuel efficient
while producing even lower emissions than past systems. Pollutants of primary concern include
sulfur oxides, SO2, and SO3, soot, aerosols, unburned hydrocarbons, and partially burned
hydrocarbons such as aldehydes, oxides of nitrogen, carbon monoxide (CO), and greenhouse
gases such as N2O and particularly CO2. Air pollutants can be classified into 2 groups. Primary
pollutants are those emitted directly from the source and secondary pollutants are those formed
by reactions involving primary pollutants in the atmosphere. Air pollutants affect the
environment and human health in many ways. The four principal effects of air pollutants in the
troposphere include altered properties of the atmosphere and precipitation, harm to vegetation,
deterioration of materials, and an increase of morbidity and mortality in humans [24].

2.6.1 Measures of Emissions Levels
When measuring the concentration of a particular species in the product stream, the
amount may vary depending on the efficiency of the combustion process or any dilution of the
product stream by excess air. A useful way of measuring pollutant species (i) emitted by a
particular combustion process is to use the emissions index defined by equation 2.13.
2.13
The emissions index denotes the efficiency of a combustion process in producing a particular
pollutant independent of the combustion efficiency, dilution, or the particular application.
Another alternative, commonly used in literature, is to correct the pollutant concentration to a
particular level of O2 in the product stream to remove the effects of dilution. This is important
when comparing emissions levels at lean conditions when there are high amounts of excess air in
the product stream. The correction is also useful because it retains familear mole fraction units
which allows for true comparisons among varying operating conditions. Emissions levels can
also be reported as wet or dry concentrations. Some emission’s sampling systems heat the
sample to retain moisture yielding the so called wet concentrations. If the moisture is removed
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from the sample through condensation, the dry concentration is obtained. Dry concentrations are
most often reported in literature because they remove the effect of varying levels of moisture in
the product stream. To correct a species concentration with regards to wet or dry amounts, or
dilution effects, the balanced chemical equation for the combustion reaction can be used. The
balance chemical equation for a hydrocarbon fuel with air (21% O 2, 79% N2) is given in equation
2.14 [24].
2.14
The wet and dry mole fractions for a pollutant species i are then defined by Equations 2.15a and
2.15b.
2.15a

2.15b
Equation 2.15 can then be rearranged and used to interconvert wet and dry concentrations given
by Equation 2.16.
2.16
Similar definitions can be deduced to convert from one O2 concentration to another to account
for dilution effects. Equation 2.17 can be used to correct concentrations based on O2.
2.17

2.6.2 Oxides of Nitrogen
2.6.2.1 Environmental Impact
Oxides of nitrogen are detrimental to the health of the environment by contributing to
photochemical smog, acid raid, and the greenhouse effect, and reducing stratospheric ozone
through the NOx formation process. NOx emitted in urban areas is mainly problematical because
rates of smog production are controlled by the availability of NO x, which is why stringent
regulations have been imposed on these emissions. Stratospheric ozone absorbs ultraviolet
radiation from the sun which is harmful to living organisms. The reaction between NO and
ozone in the stratosphere depletes levels of ozone allowing solar ultraviolet light to penetrate.
This process is evident by the reaction mechanism:

In the first reaction, O3 is destroyed by NO to form NO2. The NO2 molecule then enters into the
second reaction where NO is regenerated and the reaction process continues to deplete O 3. Acid
rain and greenhouse gases are also undesirable effects of oxides of nitrogen. It is estimated that
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NOx contributes 25-30% of the acidity of rain while N2O accounts for 6% of the global
greenhouse effect. Taking into account the various side effects of oxides of nitrogen, many
research studies have focused on the reduction of NOx emission by improving combustion
technology [17].
2.6.2.2 Formation Mechanisms
The primary form of NO x is in the form of nitric oxide (NO). Three primary formation
mechanisms have been identified to be responsible for the production of combustion generated
NOx. They are (1) the thermal NO mechanism proposed by Zeldovich, (2) the prompt NO
mechanism proposed by Fenimore, and (3) the fuel NO mechanism. In the applications of
interest, fuel NO is of little concern since there are ways to improve fuel quality by removing
nitrogen. At temperatures above 1800 K in the fuel lean postflame regions of the combustion
process, NOx formation is primarily due to the thermal mechanism which is based on the
following set of reactions.

In the high temperature post flame regions, the reactions proceed very rapidly due to the readily
available O and N radicals. The thermal mechanism reaction rates depend heavily on the burned
gas temperature and to lesser degree on the burned O2 concentrations, pressure and residence
times. Therefore it is evident that lowering the adiabatic flame temperature would reduce NO x
formation by the thermal route. It was also discovered that NO was formed at rapid rates in the
flame region which preceded slower rates of thermal NO formation in the postflame region. This
is called prompt NO and its three major sources during hydrocarbon combustion are (1) the
Fenimore mechanism due to the reaction of hydrocarbon radicals with nitrogen in and near the
reaction zone, (2) accelerated rates of thermal NO formation due to superequilibrium
concentrations of O and OH in and near the flame region, and (3) the production of NO by the
reaction of O atoms with N2. The following set of reactions is responsible for the Fenimore
mechanism.

Due to the abundance of radicals in the flame region, the Fenimore mechanism is able to proceed
rapidly and usually the main contributor to prompt NO. Some measurements however, have
shown a significant contribution by the thermal mechanism due to the superequilibrium
concentrations of O and OH resulting from the relatively slow radical recombination steps near
the beginning of the postflame region. The third prompt NO mechanism, due to the reaction of
O and N2, is given by the recombination reaction:
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with the resulting N2O reacting with O to form NO in the reaction:

Although the Fenimore mechanism is primarily responsible for prompt NO, the relative
contributions of each mechanism vary with flame conditions and configuration (Roy 1998). In
addition, NOx may also be formed through the NNH intermediate route. In this mechanism,
NOx is initiated by the reactions of molecular nitrogen with hydrocarbon free radicals such as H,
OH, and H2 [17]. The reaction sets are:

Guo [8] studied the contributions of the various NOx formation routes of pure methane and
hydrogen enriched methane in lean premixed flames using numerical simulation. The results
showed that at low equivalence ratios, NOx formation was primarily formed through the NNH
and N2O routes. The contribution of these routes to the total NOx increased with increasing
hydrogen addition. This behavior was attributed to the increased radical as a result of hydrogen
addition. Even in the pure methane flame, the NNH and N2O routes contributed greater than
90% of the total NOx for ultra lean conditions. As the equivalence ratio was increased, the
thermal and prompt NOx rates increased and their contributions neared the levels of NNH and
N2O NOx at an equivalence ratio of about 0.70. For equivalence ratios above 0.70, the thermal
and prompt routes become the primary contributors to total NOx [8].
2.6.2.3 Control Strategies
As with any design, engineers work to optimize the whole system but at times must relax
design constraints in an effort to obtain a functional but cost effective product. One of the key
challenges to designers of combustion systems is develop high performance systems by reducing
size and cost while achieving even lower NOx emissions. As emissions standards become more
stringent, modern combustion systems must maintain low emissions even at when operating at
high efficiencies. Current methods used to control NOx emissions in various applications
include: post-combustion treatment, exhaust gas recirculation, water injection, and several
dry/lean combustion technologies. Systems operating at low air flow rates are favored for post
combustion treatment. Water injection and dry/lean methods (lean premixed combustion) have
received much attention for their effectiveness with high air flow rate systems such as industrial
gas turbine engines.
Lean premixed combustion has emerged as the most effective method for lowering NO x
emissions because it achieves the lowest NOx concentrations while inherently limiting soot,
unburned hydrocarbons, and CO emissions and maintaining high efficiency and system
performance. Due to the high combustor exit temperatures present in high performance power
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systems, nearly all the NO x formed is a result of the thermal formation mechanism. In light of
the previous statement, it is evident that lowering the adiabatic flame temperature would lead to a
reduction in the NOx formation rate, which is precisely the case. Lean premixed combustion
reduces NOx by premixing a fuel-air mixture at lower equivalence ratios. The NOx reduction is
attributed to two major factors. The excess air present in a lean mixture is used to increase the
thermal capacitance of the combustor flow and therefore lower the overall flame temperature.
Also, premixing creates a more uniform mixture which yields flame sheets with lower maximum
temperatures than the equivalent stoichiometric flame sheet temperatures of non-premixed
flames at the same overall equivalence ratio. Uniformity in the mixture also reduces the
possibility of local extinction events which would occur due to significant temperature gradients
present in the combustion zone normally present in poor mixtures (non-premixed combustion).
Heavy local extinction is likely to lead to liftoff and blowoff which characterizes the lean limit of
combustion. Better mixtures lead to a more even temperature distribution in the flame making
them less likely to exhibit local extinction and in turn permitting leaner mixtures. With regards
to preceding statements, the key to success in lean premixed combustion is the mixture quality.
Given that modern gas turbine engines are typically operated at lean conditions in any
event due to materials limitations in the hot gas path section, lean premixed combustion does not
inflict any performance limitations on the system. In particular, stationary power plants have
taken full advantage of lean premixed combustion. They are typically run on natural gas which
is relatively resistant to problems of auto-ignition and flashback associated with premixed
combustion. In addition, auto-ignition and flashback are easily controlled due to the relatively
low combustor inlet pressures and temperatures. They are also operated within a narrow range
of operating conditions allowing the combustors to be moderately loaded which alleviates
problems of space and weight limitations, flame stability, and combustion instability. Several
obstacles exist in the implementation of lean premixed combustion in aircraft engines primarily
due to the small space and weight limitations which imposes limitations of uniformity levels
produced by the fuel/air mixing process [17].

2.7 Current Research in Lean Premixed Combustion
The previous sections served the purpose of setting up a foundation for understanding the
basics of combustion and outlining topics which are necessarily fundamental to the
understanding of current research focused on the development and improvement of lean
premixed combustion systems. The intent of this section is to review recent developments and to
establish the current status of technology in lean premixed combustion with a focus on efforts to
improve mixing and flame stability at lean operation. One current particular interest is the effect
of hydrogen enriched fuels with regards to lean limits and flame stability. Hydrogen enriched
methane combustion has been investigated by numerous researchers over the past years and
important findings are covered in the proceeding discussion.
Schefer et al. [19] studied combustion characteristics of a premixed swirl stabilized
flame. Experiments were done in a lean premixed swirling dump combustor with methane and
hydrogen enriched methane. The inside diameter of the premixing tube was 4.1 cm and the outer
diameter of the fuel centerbody was 2.5 cm. The fuel and air were premixed by injecting the fuel
40 cm upstream of the combustor inlet. The swirler was located at the end of the mixing
chamber and was composed of seven 45 degree swirl vanes. The axial velocity at the swirler exit
varied from 8.0 to 22 m/s. The combustion chamber was a 30.5 cm long quartz tube with an
inside diameter of 8.3 cm. CO and NOx emissions were measured at two axial planes, 5.1 cm
and 20.3 cm, using gas analyzers. Flames at higher air flow rates stabilized at higher adiabatic
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temperatures due to the higher strain rate in the flame at larger air-fuel flow rates. At 500 LPM
(17.6 SCFM), the methane flame blew out at 1175°C (Φ=0.48). For hydrogen enriched fuel, the
CO concentrations were significantly lower at both axial planes. At the 20.3 cm plane where the
combustion process was nearly complete, values for CO were 10 ppm with hydrogen addition.
For natural gas, CO values ranged from 15 to 100 ppm in the central region and several hundreds
of ppm in the wall boundary region. NOx was always below 10 ppm because of the modest
adiabatic flame temperature. With hydrogen addition, NOx reached steady state conditions at
the 5.1 cm plane. The natural gas flame required a longer residence distance to reach steady
NOx concentrations at the 20.3 cm plane. Maximum variation at the 20.3 cm plane was ±0.5
ppm. The addition of H2 produced a continuous stable flame in the corner zone and a shorter
flame indicating more rapid combustion. Results show that flames with reactions in the corner
region were shorter and more stable. The flame without hydrogen was highly shredded and
intermittent. Large CO concentrations can be expected to form in the highly strained flame
resulting in poor combustion efficiency.
Experiments by Huang et al. [9] were performed to investigate the effect of swirl on
combustion dynamics in a lean premixed combustor. The model consisted of a swirl injector
where natural gas is injected radially through 10 holes downstream of the swirler vanes. The
combustion chamber was 4.5 cm in diameter and 23.5 cm long. The baseline configuration was
an equivalence ratio of 0.573 and a chamber pressure of 0.463 MPa. The inlet flow velocity was
86.6 m/s which produced a Reynolds number of 35000 based on the height of the inlet annulus.
The air preheat temperature was 660 K. The swirl angles tested were 30° and 50° (swirl number
of 0.44 and 1.1). Results showed that the flame was much more compact for the high swirl
number case, S=1.10, which was attributed to the enhanced flame speed resulting from the
increased turbulence intensity. The stronger the swirl strength, the faster the main flow moves
toward the wall. As a result, the size of the corner recirculation zone is considerably reduced at
the high swirl number of S=1.10. It was also found that low frequency acoustic perturbations
exert a strong influence on the total flame surface-area and heat release while in contrast, high
frequency acoustic oscillations travel through the flame zone without significantly affecting the
flame surface area and heat release variations. When the swirl number is increased, the flame
may propagate upstream periodically and lead to flame flashback. Two mechanisms of
flashback were identified. The first is due to flame propagation in the boundary layer along a
solid wall where the local velocity diminishes at the surface. The second was associated with
flow reversal, which is usually caused by vertical motions or acoustic oscillations. If the swirl
strength is too strong, the center recirculating flow may enter into the inlet annulus causing the
flame to travel upstream, hence, flashback.
Johnson et al. [10] investigated the flowfields and emissions of high swirl injectors and
low swirl injectors for lean premixed combustion. The outer diameter of the swirler was 6.34 cm
and the center-body diameter is 4 cm. The injector has 16 curved blades at an angle of 42
degrees from the dump plane. For the HSI case, the center-body is solid with a central pilot fuel
line and when configured for the LSI case, the center-body is open so reactant mixture flows
through. The swirl number for the HSI is 0.75 and for the LSI, it is 0.5. The swirl number is a
dimensionless number indicating the degree of swirl in a flow. Physically, it is the ratio of the
tangential velocity component to the axial velocity component. It is given by equation 2.18. In
equation 2.18, α is the vane angle measured from the combustor axis, Rc is the radius of the
centerbody, and Ri is the radius of the injector.
2.18
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The combustion chamber is composed of a quartz cylinder which is 45 cm in length and 20 cm
inner diameter. There was no constriction at the exit where a sampling probe was centrally
placed and the tests were run at atmospheric pressure with natural gas. A ± 10% premixer was
used for the LSI and a multi-spoke fuel injection assembly was used for the HSI which is typical
in production engines. Results showed that the HIS flame attaches to the rim of the center-body
while the LSI flame is bowl shaped and fully detached. The HSI produced finer flame wrinkles
than the LSI. Studies on high swirl burners have shown a relationship between NOx emissions
and swirl intensity as well as residence time within the recirculation zone. Decreasing the
residence time helps to lower NOx. The PIV results showed that the LSI had a weak
recirculation zone indicating that the residence time of the hot products in the LSI should be
much shorter than in the HSI. Figure 2.8 shows the lean blowoff limits for each test case and
Figures 2.9a and 2.9b give the NOx and CO emissions for each test case at various conditions.

Figure 2.8 Flame stability and lean blowoff limits at STP

(a)

(b)

Figure 2.9 (a) NOx emissions at various pressures and preheat temperatures (b) CO emissions at
various pressures and preheat temperatures
Griebel et al. [7] performed experiments to investigate the effects of operating conditions
and turbulence on the flame front position, turbulent flame speed and flame brush thickness in
lean premixed methane/air flames. The turbulence intensity and integral length scale at the
combustor inlet were varied by means of turbulence grids with different geometry and by
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changing the grid position in the inlet channel. The combustor inlet diameter was 2.5 cm and the
combustion chamber was a quartz tube with a 7.5 cm inner diameter. The inlet bulk velocity
ranged from 30-60 m/s. Results indicated that the flame front position was constant with
pressure indicating that the turbulent flame speed is independent of pressure. Decreasing the
equivalence ratio from 0.56 to 0.43 resulted in an increase in the flame front position (x/d) by a
factor of 2. This was attributed to a decrease of the adiabatic flame temperature from 1860 to
1650 K leading to a drop of the global reaction rate and consequently to a lower ST, i.e. longer
flames. Increasing the preheating temperature results in shorter flames which is due to the higher
global reaction rate at higher temperatures leading to an increase of ST. Increasing the inlet bulk
velocity from 30 to 60 m/s resulted in an increase of x/d from 5.3 to 5.9. This relatively small
increase (11%) was thought to be caused by higher flame front stretching due to higher velocity
gradients in the shear layer which leads to more frequent local extinctions. Therefore the global
reaction rate and consequently the turbulent flame speed are lower leading to longer flames. The
flame front position shifted closer to the combustor inlet as ReT was increased indicating that the
turbulent flame speed increases with ReT. This behavior is shown in Figure 2.10. This increase
of ReT (u’,LT,xx) may lead to an intensified turbulent mass and heat transport of the hot flue gas
from the recirculation zone into the fresh gas mixture. As a result, the temperature of the fresh
gas mixture and/or the radical concentration increase, both being known to increase the global
reaction rate and therefore ST.

Figure 2.10 Flame front position as a function of grid turbulence at p = 0.45 MPa
Experiments conducted by Strakey et al. [21] studied the effects of hydrogen addition on
flame extinction in a lean premixed swirl stabilized combustor operating on natural gas. The
combustion chamber was a quartz tube with a length of 31.8 cm and an internal diameter of 18.0
cm. Fuel is injected into the combustion air stream upstream of the swirler through eight radial
fuel injection spokes which are arrayed in a single plane 25.7 cm upstream of the inlet choke
plate. Full premixing was confirmed by CFD modeling of the mixing process. The air preheat
temperature was 580 K for all cases. The results show that flashback was very prominent at
hydrogen concentrations greater than about 85%. Increasing the hydrogen concentration in the
fuel from 0% to 80% reduced the equivalence ratio at blowout from 0.46 to 0.30. Combustor
pressure was found to have little effect while increasing the nozzle velocity from 40 to 80 m/s
increased Φ at blowout by 0.05. Figure 2.11 presents the lean extinction data for the
experimental test case.
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Figure 2.11 Lean extinction experimental data. T=580 K, V=40 m/s
Griebel et al. [6] investigated the effects of hydrogen addition on turbulent lean premixed
methane/air flames at high pressure. The turbulence intensity and integral length scale at the
combustor inlet were varied by means of turbulence grids with different geometry and by
changing the grid position in the inlet channel. The combustor inlet diameter was 2.5 cm and the
combustion chamber was a quartz tube with a 7.5 cm inner diameter. The flame was stabilized
by the recirculation of hot gases due to the sudden expansion geometry. Fuel mixtures contained
up to 20% hydrogen by volume. Results showed that increasing the bulk velocity causes the
flame to extinguish at higher equivalence ratios because of increased flame stretch. Adding
hydrogen increased the flame stability because of a higher OH radical concentration, which leads
to a higher global reaction rate and a higher flame speed, which finally leads to lower values of
the critical equivalence ratio. Because of the higher flame temperatures for the higher preheating
cases (773 K) and, subsequently, higher flame speed, the lean blowout limits were shifted to
lower equivalence ratios. Because of the extension of the LBO limits for hydrogen addition,
lower minimum NOx emissions were reached because of a lower flame temperature at lower
equivalence ratios. Because of the low flame temperature at equivalence ratios close to LBO and
a higher probability of local extinction events at these conditions, the CO concentration increased
while approaching LBO. For these low temperature conditions, the residence time is not
sufficient for complete oxidation of CO. At an equivalence ratio of Φ = 0.5, the NOx
concentration is higher when H2 is added. This was attributed to a higher OH radical
concentration when hydrogen is added which leads to a higher thermal NOx formation.
Experiments by Anacleto et al. [1] studied the swirl flow structure and flame
characteristics in a lean premixed combustor. Propane fuel was injected upstream of a premixing
chamber which was a cylindrical duct with an inner diameter of 50 mm and a length of 160 mm.
The combustion chamber had an inner diameter of 110 mm and a length of 300 mm. The
experiments were conducted at atmospheric pressure and an air preheat temperature of up to 500
°C. The experiment verified that increasing swirl causes NOx and CO concentrations to
decrease at the combustor exit. The extended residence time due to helical motion did not affect
the NOx formation at characteristic lean temperatures, but provides the necessary time to
complete burning of CO.
A comparison of low NOx burners was done by Rortveit et al. [16] with methane and
hydrogen enriched methane. The experiments explored the NOx and CO emissions of four
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different burner concepts. The four burners included a porous metal inert material (PIM), a
catalytically supported PIM (CSPIM) burner, a radiant surface (fiber) burner from Acotech, and
a swirl burner from the International Flame Research Foundation (IFRF). The experiments were
run in a vertical combustion chamber with a 200 mm inner diameter and length of 600 mm.
NOx and CO were measured on a dry basis both corrected to 3% O2 in the flue gases.
Experiments were run at thermal loads of 12 and 21 kW. CO results shown in Figure 2.12
indicate that levels were below 18 ppm in most cases except near stoichiometric for the IFRF
burner. This was attributed to the shorter residence time for the IFRF burner. Increasing the
residence time by lowering the thermal load reduces CO. Figure 2.13 gives the NOx results,
which showed values below 25 ppm for all cases except the fiber burner. Maximum NOx
increased for the IFRF burner when hydrogen was added at a constant excess air ratio. The
decreasing amounts of carbon in the fuel when adding H2 would lead to expectations of lower
CO but the results indicate no clear trend. Literature has shown that at moderate temperatures
(below 1800 K), NOx formation is primarily due to the prompt route. An increase in the radicals
H, OH, and CH2 accelerate CH (prompt NOx) formation. An increase in total NOx for hydrogen
addition at constant temperatures was found in a counterflow flame. This increase was attributed
to the increase of H, O, and OH radicals causing more CH in the thin reaction zone.
Guo et al. [8] studied the effect of hydrogen addition on the lean limits and NOx
emissions of lean counterflow CH4/air flames by numerical simulation. The flame configuration
was an axisymetric laminar counterflow premixed flame. The reactants were at standard
temperature and pressure (300 K and 1 atm). Results show that hydrogen addition can
significantly enlarge the flammable region and extend the lean extinction limit. At a constant
equivalence ratio, the addition of hydrogen increased the emission of NO in the flame due to the
enhancement in the rate of the NNH and N2O route. The contribution of these routes to the total
NOx increased with increasing hydrogen addition. This behavior was attributed to the increased
radical as a result of hydrogen addition. Even in the pure methane flame, the NNH and N 2O
routes contributed greater than 90% of the total NOx for ultra lean conditions. As the
equivalence ratio was increased, the thermal and prompt NOx rates increased and their
contributions neared the levels of NNH and N2O NOx at an equivalence ratio of about 0.70. For
equivalence ratios above 0.70, the thermal and prompt routes become the primary contributors to
total NOx.

(a)

(b)

Figure 2.12 (a) CO emissions at different excess air ratios for all burners operated with methane
or natural gas (b) CO vs. excess air ratio from both PIM burners for different hythane fuels
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(a)

(b)

Figure 2.13 (a) NOx emissions at different excess air ratios for hydrogen enriched methane in
burners operated at 21 kW (b) NOx vs. excess air ratio for hydrogen enrichment
Experiments were performed by Taupin et al. [22] to characterize the stability and CH
chemiluminescence of lean premixed methane turbulent flames. The combustion chamber was a
quartz tube with an inner diameter of 80 mm and length of 200 mm. The diameter of the
premixing chamber was 18 mm which housed a swirler and bluff body with a diameter of 8 mm.
To allow premixing of natural gas and air, the fuel was injected radially through 10 holes located
30 mm upstream of the exit of the injector. The inlet velocity was held constant at 30 m/s. With
the 30° swirler, the flame was lifted or was extinguished and no bluff body anchored flame was
observed due to the absence of an inner recirculation zone. As the swirl is increased from the
30° swirler to the 50° swirler, the flame stability region is increased. The lean blowoff limit was
decreased by increasing the air preheat temperature. At lower temperatures, low equivalence
ratios, the flame forms a cone anchored on the bluff body. At higher temperatures, the reaction
zone extent is reduced and the flame is shortened. The CH light emission was found to be
proportional to fuel flowrate at fixed values of temperature and pressure. Close to extinction, a
rapid decrease in CH light is observed due to the presence of unburned pockets and increased
flame strain.
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CHAPTER 3 DESIGN AND FABRICATION OF THE MFIS
3.1 Motivation of Micro Fuel Injection
As discussed in the last chapter, the primary objective in using various mixing techniques
is to achieve a molecularly homogeneous mixture of air and fuel. In doing so, it is also important
that the design remain compact, reliable, and efficient. The most widely used passive mixing
approach in industry is to combine injection mixing with mechanical flow structures such as
swirl vanes and turbulence grids. These configurations are preferred because they produce
effective mixing, they are simple compared to active mixing devices making them cost effective,
and they are relatively easy to manufacture and implement. Recalling methods for effective
passive mixing, the following mixing characteristics are most desirable.
Increase the turbulence intensity of the interacting streams and main flow. Decreasing
the turbulence length scales of the flow introduces fine scale turbulence and increases the
turbulence intensity. As stated in Chapter 2, the turbulent flame speed is directly
proportional to the turbulence intensity. A higher turbulent flame speed translates to a
flame which is more resistant to strain and hence less likely to blow-off or become
unstable at extremely lean conditions.
Increase the residence time. The more time the air and fuel interact with each other
before combustion, the more mixed they will be. A longer residence time is usually
associated with larger, less compact combustors which provide a longer mixing length.
This is undesirable when considering compactness, weight, and flashback issues
associated with a long premixing length.
Decrease the scale of mixing. By evenly distributing the fuel into the air stream on a very
fine scale (i.e. multiple injection points), less interaction time is needed as opposed to
injecting the fuel through fewer ports.
Feed location also has a large effect on the rate of mixing of different species. Generally,
mixing is more efficiently achieved by injecting the fuel in a region where turbulence
levels are high.
The micro fuel injection swirler was motivated by this need for enhanced mixing schemes in
order to burn at fuel lean mixtures in an attempt to lower overall NOx emissions. The ability to
manufacture the micro fuel injection plates enabled the conception of complex mixing schemes
which would otherwise be improbable. The conception of the micro fuel injection panels was
realized due to the apparent advantages offered by a micro heat exchanger geometry
manufactured by Mezzo Technologies. A sample micro heat exchanger is shown in Figure 3.1.
Figure 3.1b is a cross section of the micro heat exchanger providing a view of the internal cavity
and thin tube walls which are typically around 75 µm thick. The micro heat exchanger is
essentially a small scale cross flow heat exchanger. The micro fuel injection panels were
designed based on the realization that fuel could be pumped into the internal cavity of the panel
and ejected through the face of the panel if exit holes were drilled into the face. Figure 3.2a
shows an overhead view of the cross section of the micro heat exchanger shown in Figure 3.1a.
The through holes allow a primary fluid (e.g. air) to pass through the panel. The internal cavity
can contain a secondary fluid (e.g. fuel). The design intent was to drill multiple holes into one
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face of the panel allowing for distribution of the secondary fluid into the primary stream. The
through holes then allow the mixture to pass through the panel. This scenario allows for fuel
injection into a counter-flow with minimal pressure drop. Figure 3.2b shows the probable
locations of fuel injection holes. The design could include these locations, more or less, to
accomplish micro scale fuel distribution into the oncoming air stream. In general, this principle
design could be used to mix any two fluids but it was realized for its application in improving
air/fuel mixing in premixed combustion systems. Figure 3.3 illustrates the injection scheme.
Recalling effective mixing methods, the micro fuel injection panels can provide fine scale fuel
distribution coupled with increased turbulence intensity due to the interaction of the fuel jet with
the airstream and the turbulence generated upon exiting the through holes. Due to the injection
scheme, it is able to achieve counter-flow injection mixing which has been identified as the most
effective compared to cross flow and co-flow injection. It is also relatively easy to manufacture
and extremely light weight compared to other designs, making it very attractive to the aircraft
industry. Several designs were conceived to employ the micro fuel injection plate in
configurations which would enhance air-fuel mixing and provide stability at the lean limits of
combustion necessary to lower NOx emissions.

Figure 3.1 (a) micro heat exchanger (b) micro heat exchanger cross section

Figure 3.2 (a) Overhead view of cross section of micro heat exchanger (b) Intended fuel injection
hole modifications to original micro heat exchanger geometry
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Figure 3.3 Fuel/air distribution scheme for the micro fuel injection panel

3.2 Micro Fuel Injection Concepts
3.2.1 Micro Fuel Injection Plate Upstream of Swirler
This configuration employs a single micro fuel injection plate positioned directly
upstream of a traditional flow swirler with a moderate swirl number (Sw = 0.75). The injection
plate could be mounted so that the fuel injection opposed the oncoming air stream. In this way,
the fluid interaction between the air and fuel would result in strong shear layer development to
enhance the mixing process. The shear layers also induce small eddy formation which
contributes to molecular mixing and provides a stabilization mechanism for the flame. The thru
holes in the injection panel act as a turbulence grid which helps to increase turbulence intensity
in the flow. As the mixture exits the injection panel, it enters the swirler and leaves as a fully
turbulent swirling flow. The conceptual design is shown in Figure 3.4

Figure 3.4 Micro fuel injection plate upstream of swirler
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3.2.2 Swirl Plate with Micro Fuel Injection
This configuration also uses a single micro fuel injection plate but there is no swirler
positioned downstream. Instead, the injection plate uses concentric rings of thru holes machined
at opposing angles so that each alternating ring swirls the flow in a direction opposite to the
neighboring rings. In this manner, one ring swirls the flow clockwise while the two neighboring
rings swirl the flow counter-clockwise. The fuel is injected into the opposing flow in the same
manner as the first configuration to induce fluid shear layers before the flow passes through the
injection panel. As the flow exits the injection panel, mixedness is enhanced by the
countercurrent shearing effects of the opposing swirl streams and the turbulence intensity
induces by the thru holes. The conceptual design is shown in Figure 3.5.

Figure 3.5 Swirl plate with micro fuel injection

3.2.3 Micro Fuel Injection Swirler
In this configuration, a single swirler is employed in the same manner as a traditional
swirler except that the swirl blades are replaced with fuel injection plates. In this design, the area
over which fuel is injected is greatly enlarged allowing for a much finer fuel distribution. The
fuel is injected perpendicular to the plane of the blade which is at some angle depending on the
desired degree of swirl. Though it is at an angle, the y velocity component of the fuel jets
opposes the oncoming air stream as in the first two designs. As the oncoming flow enters the
swirler, some of the fluid is swirled by the vanes while some passes through the panel. The fluid
being swirled encounters the fuel in cross flow, while the rest of the air stream passes through the
panel and opposes the fuel injection. As before, this induces shear layers in the flow which
enhance mixing and provide flame stability. The mixture exiting the thru holes on each panel
forms eddies, which have high turbulence intensity. These eddies penetrate the large scale
swirling flow structure which energizes the turbulence intensity levels. An illustration of the
probable flow patterns is shown in Figure 3.6. Based on the expected mixing effectiveness and
manufacturing feasibility, the micro fuel injection swirler (MFIS) showed the most promise as an
enhanced mixing device for use in gas turbine combustors. A full 3D solid model of the MFIS
was developed using Solidworks 3D parametric modeling software and is shown in Figure 3.7.

3.3 Micro Fuel Injection Panel Fabrication Process
In order to fabricate the MFIS, the micro fuel injection panels had to be manufactured
separately and then joined with the main body to create an 8 blade pattern. The manufacturing
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procedure developed at Mezzo Technologies is outlined below.
1. The base mandrel is cast to size with aluminum 6061 material.
2. The primary features (i.e. thru holes and edge radi) are machined into regions of the
mandrel where panels will be cut away later.
3. A nickel coating is applied to all surfaces of the mandrel via the electroplating process.
4. The fuel injection holes are drilled into the face of the mandrel at desired locations for
each panel.
5. Individual panels are separated from the base mandrel exposing the internal aluminum.
6. The panels are dipped in a caustic solution to dissolve and remove all original aluminum
material leaving an internal cavity for fuel passage.

Figure 3.6 Illustration of probable air (blue) and fuel (green) flow pattern for the Micro Fuel
Injection Swirler (MFIS)

Figure 3.7 (a) Micro Fuel Injection Swirler (b) zoom box from 3.7a
The dimensions of the features on the panel were chosen based on the scale of the
premixer as a whole and the geometry constraints of the panel. The scale of the premixer was
designed to have similar dimensions to other premixers presented in literature and used in
industry. The design chosen used a center-body diameter of 0.75 inches and an outer diameter at
the tip of the swirl blades of 1.75 inches. This allows sufficient working space to join the blades
to the center body and outer manifold while also providing a sufficient cross section that will
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result in feed velocities which are comparable to the experimental work of others. Obviously,
the design could be scaled up, but for experimental purposes, the scale described provides
sufficient testing conditions without requiring larger feed rates which might be found in
industrial combustors. Figure 5.8 shows the overall dimensions of the panel and Figure 3.9
shows the specific hole geometry. A conceptual model of the micro fuel injection panel is
shown in Figure 3.10. The specific geometry (i.e. fuel injection hole diameter and spacing) was
chosen to achieve a high momentum ratio of fuel to air which affects the fuel jet penetration
distance and plume spreading. The momentum ratio is the ratio of the fuel momentum to the air
momentum. The momentum of a gas stream is the product of its mass flow rate and velocity.
Based on results reported by [25] for micro jets in counterflow, higher momentum ratios lead to
more effective mixing due to an increase in the jet penetration distance. By decreasing the
number of fuel injection points, the fuel injection velocity will be increased but the fineness of
the fuel distribution will be reduced. There exists a geometry that would result in the most
effective mixing however due to the complexity of this mixing scenario, any attempt to predict
the most effective design would require the attention of a computational analysis (i.e. CFD).

Figure 3.8 Overall dimensions of the micro fuel injection panel

Figure 3.9 Specific hole geometry of the micro fuel injection panel
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Figure 3.10 Conceptual Solidworks model of the micro fuel injection panel
The through hole size and spacing was chosen to provide the highest porosity possible
while allowing sufficient internal space for the fuel to flow through. The fuel injection hole
diameter was chosen to be 150 µm because this was the smallest hole that could be drilled
reliably so as to provide the highest velocity. The problem in using fuel injection holes which
are too small is that clogging becomes an issue due to small particulates present in the fuel or air
stream. Based on the resulting geometry, the fuel injection holes were placed at the interstitial
positions between the through holes to produce three different injection patterns. A summary of
the injection patterns is given in Table 3.1 where V is velocity, M is momentum ratio and the
subscripts F and A refer to fuel and air. The momentum ratios presented here are sufficiently
high compared to those reported by Zhang [25].
Table 3.1 Fuel injection pattern parameters at air flow rate of 32 SCFM and Φ = 0.75
Pattern

Holes/Panel

VF (m/s)

MF/MA

Coarse

66

128

0.434

Medium

132

64

0.217

Fine

264

32

0.108

In order to fabricate the injection panels, a 2D CAD layout was created using AutoCAD
2006. The CAD layout provides numerical coordinate information for all machining operations
necessary to complete fabrication of the fuel injection plates. The information includes the
coordinate locations of the thru holes and fuel injection holes, the cut lines used to separate the
panels as well as the radius lines on the edges of each panel. Computer Aided Machining
software (MasterCAM) was used to generate G-code (common programming language used for
CNC machines) from the CAD file which could then be uploaded to a computer numerical
control (CNC) milling machine. It is through this process that the number and distribution of
holes on each panel can be manufactured as desired without involving cumbersome manual
machining methods. An overview of the CAD layout is shown in Figure 3.11.
In Figure 3.11, the solid white rectangular enclosure represents the size of the mandrel.
The dashed white line just inside the solid white line represents the area to be electroplated. The
three rectangular enclosures shown by dashed white lines indicate the pockets to be machined
from the base mandrel. The base mandrel standard thickness is 0.125 inches. Since the fuel
injection plates were designed with an internal cavity thickness of 1 mm, the pockets had to be
machined into the mandrel to decrease the thickness. A zoomed view of Figure 3.11 is shown in
Figure 3.12. The purple lines shown in Figure 3.12 represent a radiused slot which allows two
edges of the panels to be plated. The edges plated are the leading and trailing edges of the
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Figure 3.11 Micro fuel injection plate CAD layout on base mandrel

Figure 3.12 Detailed CAD layout of micro fuel injection plate features
swirler blades. The radius is machined on the edges of the panel so that the internal cavity will
possess a radius to reduce stress concentration when under stress due to fuel pressure. The green
lines represent the width of a cut made by a wire EDM machine used to separate the panels from
the base mandrel. The white circles represent the primary thru holes of the fuel injection panel.
The small yellow dots represent the fuel injection holes to be drilled after the electroplating
process. There are two white circles located at each end of the mandrel which represent
alignment holes for dowel pins located on the machining fixture. These holes can be seen in the
upper half of Figure 3.11. Each time the mandrel requires machining work, it is placed over the
alignment pins onto a fixture and clamped into place. Using this technique, all geometry on the
mandrel is referenced from the two dowel pin holes which allow the machinist to ensure that the
features are machined accurately with respect to one another.
The process begins with a base mandrel made of 6061 Aluminum, a multipurpose alloy
with a good combination of strength, corrosion resistance, and most importantly, machineability.
The exact length and width of the plate is not critical and only determines the specific number of
fuel injection plates that can be processed onto that plate. However, the thickness of the plate
represents the internal cavity thickness through which the fuel will pass. For this reason, the
base substrate must have the desired thickness or be machined to thickness as specified by the
design. The mandrel is first positioned in a fixture on the CNC milling center shown in Figure
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3.13. At this stage, the thru holes (i.e. turbulence grid), edge slots, and pockets are machined in
accordance to the CAD file. The feature dimensions specified at this stage have taken into
account the material added during electroplating process. Since the electroplating process is
carefully controlled, the hole size to be drilled prior to electroplating can be accurately specified
taking into account the desired electroplating thickness. As an example, for the micro fuel
injection plates, the desired thru hole diameter was 1 mm. Considering an electroplating
thickness of 80 microns, the hole drilled prior to electroplating was 1.16 mm in diameter. Figure
3.14 shows the details of the panel after this first stage machining process.

Figure 3.13 Aluminum 6061 base mandrel positioned in CNC milling fixture

Figure 3.14 Primary features machined in base mandrel
After machining the primary features, the nickel layer is deposited over the base mandrel
using the electroplating process. The electroplating system consists of a nickel sulfamate bath,
immersion heater, thermocouple probe, low level indicator, pump, anode fixture, cathode fixture,
and current rectifier. The composition of the nickel sulfamate bath is given in Table 3.1.
Table 3.2 Component concentrations in the nickel sulfamate bath
Components based on a 1000 mL solution
Nickel Sulfamate (50% aqueous solution)
Boric Acid
Eliminate Pit
Deionized Water
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579 mL
42 grams
4 mL
Add to 1000 mL

The rectifier supplies a direct current to the cathode (positively charged) causing the
nickel ions in the solution to lose their positive charge by reducing and plating to the cathode.
The nickel sulfamate solution is an electrolytic solution which supplies nickel ions to the bath as
they are plated to the cathode. The bath is replenished with nickel ions through the process of
oxidation at the anode, meaning the anode is slowly depleted. The anode used in the Mezzo
electroplating bath is composed of a titanium basket filled with nickel rounds. The cathode is the
aluminum mandrel to be plated. The mandrel is secured in a frame, centered in the bath, and
connected to the positive terminal of the rectifier. The anodes are placed on each side of the plate
and attached to the negative terminal on the rectifier. The pumps stir the solution and drive the
flow through the mandrel enhancing the convective transport of nickel ions into the features of
the mandrel. The immersion heaters heat the bath to 140°F providing optimal conditions for the
electroplating reaction process. The low level indicator is a safety measure to ensure that the
bath level remains above the immersion heaters to prevent any overheating hazards. The
electroplating system is shown in Figure 3.15.
The mandrel can be plated to a specified thickness by choosing the appropriate current
and electroplating time. Using Faraday’s law, equation 3.1, the plating thickness depends on the
current density and the electroplating time.
3.1
where i is the current density, A is the atomic weight of the plated metal (ANi = 58.69 g/mol), t is
the electroplating time, n is the number of valence electrons per mole of metal ions that react in
the electrochemical reaction at the cathode given by equation 3.2, ρ is the density of the plated
metal (ρNi = 8.9 g/cm3), F is Faraday's constant (F = 96485 Coulombs/electron), and T is the
electroplating time.
3.2
The surface area to be plated can be calculated based on the specified geometry of the mandrel.
The current density is then a function of the current supplied by the rectifier and the surface area
of the mandrel. Based on experience, Mezzo suggests a current density of 5 - 10 mA/cm2. The
specification for the current density is based on the desired uniformity and quality of the plating.
A high current density will decrease the time to plate a desired thickness but may result in nonuniform or poor quality plating. An extremely low current density will provide more uniform
plating but will greatly increase the plating time. Based on the recommended current density and
the total area to be plated, the rectifier is adjusted to provide the appropriate current level. The
electroplating thickness can then be accurately predicted based on the time allowed to plate. For
a desired electroplating thickness of 80 µm of nickel and a current density of 10 mA/cm2,
equation 3.1 yields a plating time of 6.5 hours. Using this procedure, the electroplating thickness
of the micro fuel injection plates was controlled to a value of 80 µm ± 3µm by allowing it to
plate at the specified conditions for 6.5 hours. The plated mandrel is shown in Figure 3.16.
After electroplating the mandrel to the desired thickness, the fuel injection holes are drilled into
one face of the panel, as shown in Figure 3.17. The fuel injection holes were drilled with a 0.006
in. (150 µm) diameter carbide drill bit using a CNC milling center with flood coolant. Three
different fuel injection patterns, shown in Figure 3.18 were investigated to determine the effect
of fuel distribution and fuel injection velocity. In the finest pattern, each panel had
approximately 264 fuel injection holes. The medium pattern contained approximately 132 fuel
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(a)

(b)

Figure 3.15 (a) Nickel electroplating system (b) Solidworks design model of electroplating setup

Figure 3.16 Electroplated mandrel
injection holes, which is half that of the fine pattern. The coarse pattern had approximately 66
holes, which is half that of the medium pattern. The physical significance in moving from the
coarsest pattern to the finest pattern is that the fuel injection points become more finely
distributed. Since the diameter of the fuel injection holes for all patterns is constant, the injection
velocity decreases as the number of holes increases. Since the mandrel is divided into three
regions of 18 panels, each fuel injection pattern was machined into one region, creating 18
panels of each pattern. This provided many spare panels since each MFIS only takes 8 panels.
The fuel injection holes are drilled prior to removing the internal aluminum because the
aluminum provides a rigid support for the thin nickel layer. Without the aluminum support, the
thin nickel wall would deform under the pressure of the drill bit. It also prevents a burr from
hanging to the inside edges of the fuel injection hole which had been observed in past cases
where the holes were drilled after removing the aluminum.
After drilling the fuel injection holes, the panels are cut out from the base mandrel
using a wire EDM (Electric Discharge Machine) as seen in Figure 3.19. When a panel is cut
from the base mandrel, two of the ends expose the internal aluminum material. The panels are
then dipped in a caustic solution for about 12 hours. The caustic solution reacts with the
aluminum, causing it dissolve into the solution. Eventually, all of the aluminum in the panel is
dissolved away leaving only the electroplated nickel layer. The cavity allows the fuel to be
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distributed to all parts of the panel where it then exits through the injection holes. Using this
manufacturing process, different geometries can be fabricated reliably while remaining cost
effective. The finished micro fuel injection panel is shown in Figure 3.20.

(a)

(b)

Figure 3.17 (a) Drilling fuel injection holes (b) fuel injection panel under microscope

Figure 3.18 Coarse, medium, and fine fuel injection patterns

Figure 3.19 Cutting panels with wire EDM
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Figure 3.20 (a) Finished Micro Fuel Injection Panel-front view (b) Finished panel-isometric view

3.4 Design and Assembly of the Micro Fuel Injection Swirler
The Micro Fuel Injection Swirler was fabricated by joining the fuel injection panels to the
center body and outer ring as shown in Figure 3.21. The function of the center body is to
provide a central fuel manifold for the circular array of micro fuel injection panels. The center
body is also part of the bluff body design used to stabilize the flame. Fuel travels through the
center feed assembly and enters the internal cavity of the center body where it then enters each of
the 8 fuel injection panels. The opposite end of the fuel injection panel must terminate at the
outer ring but since the end is open, a seal must be formed at the joint. Also, the outer ring has a
circular profile while the end of the panel is rectangular so the two cannot simply be butted
together. In order to join the panels with the center body and outer ring, a unique procedure was
developed. The procedure provides a simple approach to assemble the the micro fuel injection
swirler. The procedure is outlined and then covered in further detail in the discussion that
follows.
Center Body
Cap Ring
Outer Ring

Figure 3.21 Micro Fuel Injection Swirler (MFIS)
1. Fabricate the solid center body and outer ring from 316 stainless steel.
2. Using a sinker electric discharge machine (sinker EDM), burn the panel profiles into the
center body and outer ring. The mold for the sinker operation is a copper electrode with
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an outer profile matching the outer profile of the panels. The center body slot has a blind
depth so that the panel can be butted against the back of the slot.
3. Fabricate an alignment plate using dowel pins to position the center body and outer ring
in order to maintain concentricity throughout the assembly process.
4. Align the slots and insert each panel through the outer ring and eventually into the slots in
the center body.
5. Braze the panels to the center body and outer ring using a nickel brazing paste. The
brazing process should occur in a vacuum furnace at approximately 1400°F. Before
inserting into the vacuum furnace, apply an anti-wetting ceramic compound to the inner
parts of the panel to prevent the brazing paste from traveling away from the joint and
possibly filling in some of the fuel injection holes.
6. Using the sinker EDM, burnout an inner cavity in the center body exposing the inner ends
of the fuel injection panels. This allows the fuel to travel into the centerbody an become
evenly distributed to each panel.
7. Fabricate a cap ring and slide it over the outer ring to cap off the ends of the panels.
Weld the joint line between the outer ring and cap ring to seal off the ends of the panels.
The center body and outer ring are machined to the desired dimensions of the swirler by
turning 316 stainless steel material on a lathe. The center body has a 0.75 inch diameter and a
length of 1 inch. The outer ring has an inner diameter of 1.75 inches and an outer diameter of
1.96 inches. A model of each is shown in Figure 3.22. A sinker EDM was then used to burn out
slots in each piece where the panels will sit. The slots are representative of the panel profile. In
order to burn the slot to the same geometry as the panel, a copper electrode was machined to
have a plus 0.001 inch offset from the panel dimensions. This allows enough space for the
panels to slide through the slots without binding. It should also be noted that the gap between
the panels and the slot walls where the joint will occur during brazing should be no more than
0.002 inches. If the gap is too large, the brazing paste will not be drawn into the gap due to
capillary action. The copper electrode and EDM process is shown in Figure 3.23. Figure 3.24
shows the center body and outer ring after machining the panel slots.

Figure 3.22 Center body and outer ring
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In order to ensure that the center body and outer ring remain concentric when the panels
are in place and ready for brazing, a three point alignment fixture was fabricated using a carbon
steel plate and dowel pins. Three holes each for the outer ring and center body were drilled in a
triangular pattern into the steel plate. The dowel pins are placed in the holes and used to align
the outer ring with the center body in order to achieve concentricity. Figure 3.25a shows the
placement of the pins with respect on the plate. The footprint of the center body and outer rings
is shown by the construction lines. Figure 3.25b shows the actual fabricated plate with the dowel
pins in place. The center body and outer body are positioned on the base of the plate so that the
slots line up as shown in Figure 3.26. Each fuel injection panel is then inserted through the slot
on the outer ring and then into the center body slot until it butts against the blind face. Once all
of the panels are inserted, a rubber band is place over the outer ring. This is done to prevent the
panels from sliding out prior to any handling before the assembly is brazed. The three swirler
assemblies prior to brazing are shown in Figure 3.27.

(a)

(b)

Figure 3.23 (a) Copper electrode (b) EDM setup

Figure 3.24 Center body and outer ring after machining panel slots
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(a)

(b)

Figure 3.25 (a) alignment plate and dowel pin geometry (b) fabricated alignment plate with
dowel pins in place

(a)

(b)

Figure 3.26 (a) Top view of center body and outer ring on base plate (b) Isometric view of center
body and outer ring on base plate

Figure 3.27 Micro Fuel Injection Swirler assemblies prior to brazing
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The assemblies were then shipped to Solar Atmospheres Inc. located in Souderton
Pennslyvania for brazing. A nickel brazing paste is applied along the joint line. A ceramic
compound is then used to cover all other exterior parts of the panel to prevent the brazing paste
from traveling onto the panel during the brazing process. The joint is formed due to the wetting
action of the brazing past as it is drawn into the gap between the two parts due to capillary
action. As mentioned earlier, the gap between the two parts is a critical parameter. If it is too
large, the brazing paste will not be drawn into the gap, preventing the joint from forming. The
brazing process occurs in a vacuum furnace at 1400°F. After brazing, the center body is
hallowed out using a copper electrode and sinker EDM. This process exposes the inner cavity of
the fuel injection plates and produces the final geometry of the center body so that the swirler
can be attached to the center feed assembly. The copper electrode is shown in Figure 3.28. The
final step is to seal the outer ends of the panels. This is done by sliding a cap ring over the outer
ring and the welding the joining lines. The cap ring has a 1.96 inch inner diameter and a 2.25
inch outer diameter. The completed micro fuel injection swirler is shown in Figure 3.29.

Figure 3.28 Copper electrode used to burn out the cavity in the center body

Figure 3.29 (a) Cap ring is placed over outer ring (b) Cap ring is welded to outer ring to complete
the Micro Fuel Injection Swirler

49

CHAPTER 4 DESIGN AND FABRICATION OF THE COMBUSTION
CHAMBER
In order to characterize the performance of the Micro Fuel Injection Swirler, a
combustion chamber test apparatus was designed and manufactured. The major design drivers
for the combustion chamber were based on the need to measure fundamental combustion
parameters as well as the ability to employ routine visual diagnostic techniques such as particle
image velocimetry (PIV), CH chemiluminescence, and planar laser induced fluorescence of the
OH radical (OH-PLIF). It was also important that the apparatus maintain some degree of
flexibility concerning certain geometric parameters such as the length of the upstream and
downstream chamber and position of fuel injectors as well as instrumentation ports and other
devices which may be an integral part of the apparatus.
In order to provide a stabilization mechanism for the flame, the testing apparatus uses a
sudden expansion geometry (step) at the inlet-combustor junction. This is a common
stabilization method used in industry, particularly land based gas turbines operating in a lean
premixed mode. Combustors using this method are often referred to as dump combustors. Also,
due to the inherent geometry of the MFIS as well as most swirlers found in industry, a bluff body
is present at the center of the combustor-inlet junction. Due to the bluff body wake and the swirl
induced by the MFIS, shear layers are formed behind the bluff body and in the downstream flow.
As a result, vortex breakdown can occur and a central toroidal recirculation zone will form. The
recirculation of hot products into the oncoming reactants in combination with the shear layers
behind the bluff body will cause the flame to stabilize and attach to the rim of the bluff body.
The shear layers provide a region of low velocity where the local flame speed can match the
speed of the oncoming reactants. A similar effect occurs on the outer rim of the inlet-combustor
junction where corner recirculation zones may be present due to confinement and the sudden
expansion geometry of the junction.
The combustor is divided into five modules: (1) center feed assembly, (2) upstream
chamber, (3) downstream chamber, (4) fluid accessories system, and (5) test stand. The center
feed assembly delivers fuel and coolant to the MFIS. The upstream chamber provides a means
to deliver and condition combustion air to the MFIS or other mixing devices. Flow in the
upstream chamber is considered nonreacting since no combustion reactions are present. The
downstream chamber forms the confining region for the reacting flow and is typically referred to
as the combustion chamber. The point at which the upstream chamber meets the downstream
chamber is commonly referred to as the combustor-inlet junction or dump plane in this case.
The fluid accessories system refers to all piping components used to deliver fluids to the testing
apparatus. Components include tubing, piping, valves, manifolds, and fittings. Fluids include
fuel (methane or hydrogen), air, and water used for cooling various components. The test stand
provides a means to mount the test apparatus and associated hardware in a configuration that
provides stability, rigidity and easy access when performing tests. While the design of the entire
test apparatus is driven by the scale and geometry of the MFIS, all of the modules and their
components must be integrated together in a complete assembly. Because of this, each module
possesses design drivers for other modules making the design process very iterative. An
overview of the test apparatus is shown in Figure 4.1.
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Downstream
Chamber

Upstream
Chamber

Figure 4.1 Overview of combustion test apparatus

4.1 Center Feed Assembly
The primary purpose of the center feed assembly is to deliver fuel to the MFIS and
provide a coolant loop in order to cool the bluff body. When the flame attaches to the bluff
body, the bluff body will heat up until it reaches steady state conditions. Knowing that flashback
occurs in regions of low velocity (i.e. boundary layers and shear layers), the flame will be
tempted to flashback along the wall of the bluff body since a very thin boundary layer exists in
that region. If the flame flashes back into the boundary layer around the bluff body, heat will be
lost to the cold wall, due to cooling, possibly quenching the flame and causing it to re-stabilize
on the rim of the bluff body. If flashback is not prevented, the flame could possibly stabilize
over the MFIS causing it to heat up which could lead to thermal stresses and deformation
resulting in failure. Keeping these considerations in mind, the MFIS was designed around the
need to integrate a fuel delivery line along with coolant lines for the bluff body while
maintaining the ability to adjust the streamwise position of the MFIS in reference to the dump
plane. In order to accomplish this, the fluid lines (fuel and coolant) were piped through the
center of the upstream chamber as depicted in Figure 4.2a which shows the center feed assembly
shaded blue. Since the fuel and coolant lines have to mate with the MFIS and form a seal when
assembled, the fuel and coolant lines have to be able to move with the MFIS if it is moved to a
different position along the streamwise direction of the upstream chamber. Having the fuel and
coolant lines run through the center of the upstream assembly allows the center feed assembly to
be adjustable in the stream wise direction.
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(a)

(b)

(c)

Figure 4.2 (a) Combustion test chamber (b) Center feed assembly (c) zoom from Figure 4.2b
The bluff body coolant enters the center tube (turquoise) in Figure 4.2c, through a ¼ inch
compression tube fitting located at the bottom of the center feed assembly. The center tube inner
diameter is 0.1875 inches and the outer diameter is 0.25 inches. It carries coolant up to the
entrance of the bluff body where it impinges on the inner surfaces of the bluff body (yellow in
top of Figure 4.2c). The coolant turns 180° and enters the coolant return tube (red), which has a
0.5 inch outer diameter and 0.4375 inch inner diameter. Passing down this tube, the coolant then
exits the second port formed by a ½ inch compression tube fitting. The fuel enters the largest
port formed by a 3/4 inch compression tube fitting and travels through the outermost tube
(green). It has an inner diameter of 0.6875 inches and an outer diameter of 0.75 inches. Fuel
enters the central housing of the MFIS (light blue) where it is then distributed radially through
the eight vanes of the swirler. There are two fittings welded to the tube assembly. The lower
fitting (brown) provides an o-ring seat for sealing off the fuel inside the MFIS inner cavity. The
inner ribbed structure of this part also keeps the inner tubes concentric with the fuel tube so that
the fuel passageway is axis symmetric. The upper fitting (dark blue) is welded to the end of the
coolant return tube to provide a seal and allow attachment of the bluff body using ½-20 UNF
threads. It also has a ribbed structure which keeps the two inner tubes concentric with each
other. The ribbed geometry of both parts is shown in Figure 4.3. The inner edge of the bluff
body (yellow) is chamfered to apply a bi-directional load on the top o-ring (orange) sealing off
the fuel cavity in the MFIS and the coolant cavity in the bluff body. As the bluff body is
screwed onto the tip of the assembly, both o-rings are compressed creating a tight seal. A bidirectional o-ring seal is also located at the upstream entrance pipe shown in Figure 4.4. When
the base flange is bolted tightly to the upstream entrance pipe, the o-ring is compressed axially
and radially sealing off the upstream chamber. Using this design to seal the fuel and coolant
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Dump Plane

Figure 4.3 Center feed assembly cross section
lines from the inlet air allows the center feed assembly and MFIS to be adjusted along the
combustor axis. The position can be adjusted simply by lowering the upstream assembly along
the threaded guide rods (purple in Figure 4.3), inserting a spacer ring (dark red in Figure 4.3),
and using a bluff body of appropriate length to ensure that the tip of the bluff body is flush with
the dump plane. The design also allows for easy interchangeability between different mixers.
Upstream Entrance Pipe

O-Ring

Base Flange

Figure 4.4 O-ring seal between upstream chamber and center feed assembly

4.2 Upstream Chamber
The primary function of the upstream chamber is to provide an inlet for the combustion
air as well as a sufficient conditioning length to ensure that the flow is fully developed before
reaching the MFIS. In order to create a benchmark for the mixing effectiveness of the MFIS, a

53

standard solid swirler is used. For the case of the solid swirler, the fuel is injected far upstream
of the dump plane to allow for a considerable mixing length in an attempt to achieve perfect
molecular mixing. With this in mind, the upstream chamber had to include a provision for
injecting the fuel at an upstream location. Temperature and pressure ports were also desired in
order to utilize instrumentation necessary during the combustion test. The upstream chamber,
shown in Figure 4.5, is composed of the entrance pipe, extension pipe, exit pipe, flow
straightener, and fuel injection plate.
The upstream entrance pipe is 5.5 inches long and has four ¼ inch NPT (National Pipe
Thread) ports for connecting the inlet air lines. Downstream of the inlet air ports is a 14-1.25
mm straight thread port used for mounting the pressure transducers which will be discussed in
more detail later. Opposite of the pressure port is an additional ¼ inch NPT port intended for
mounting general purpose instrumentation such as a thermocouple probe. The base flange of the
upstream chamber has a 0.750 inch through hole so that the center feed assembly can pass
through. On one side of the base flange is a 45° chamfer for creating the o-ring seal with the
center feed assembly shown in Figure 4.4. The upstream extension pipe is designed to add
length to the upstream chamber and measures 12.5 inches long. It includes one M14-1.25mm
pressure port and one ¼ inch NPT port located at the pipe mid-length. The extension chamber
provides added mixing/conditioning length for the combustion reactants.
Upstream Exit
Pipe

Flow
Straightener

Upstream
Extension
Pipe

Fuel Injection
Plate
Upstream
Entrance Pipe
Base Flange

Figure 4.5 Overview of the Upstream Chamber
The upstream exit pipe is designed to add slightly more length to the upstream chamber while
providing a seat for the MFIS when bolted into place at the dump plane flange. It is 5.5 inches
long and has one M14-1.25mm pressure port and one ¼ inch NPT port at its mid-length. To
ensure that the oncoming airflow entering the MFIS was parallel to the pipe axis, a flow
straightener was placed between the upstream extension pipe and the upstream exit pipe. The
flow straightener was custom designed for this application since it had to be integrated into this
specific geometry. More specifically, the center feed assembly had to pass through the center,
the bolt hole patterns and size had to match, and the pipe diameter had to be the same. The flow
straightener is shown in Figure 4.6.
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Figure 4.6 Flow straightener
In order to test the solid swirler, fuel is injected upstream of the dump plane to achieve a
theoretically perfect mixture of air and fuel. To do this without disrupting the geometry of the
center feed assembly, a fuel injection plate, shown in Figure 4.7, was inserted between the pipe
flanges. To gain the longest mixing length, the fuel injection plate is inserted between the
upstream entrance pipe and the upstream extension pipe. At this location, the air-fuel mixing
length is approximately 20 inches. The fuel injection plate has four 1/8 inch NPT ports to
accommodate fittings for fuel input lines. Inside the plate is a circular manifold which delivers
fuel to 18 radial exit ports which have a diameter of 0.040 inches. Using this injection scheme,
cross flow mixing between the air and fuel occurs.

Figure 4.7 Radial Fuel Injection Plate
When the three pipe assemblies, including the flow straightener and fuel injector, are bolted
together in series, the overall length of the upstream chamber is 28 inches and the inner diameter
is 1.75 inches. Since the upstream extension pipe only serves the purpose of lengthening the
upstream chamber, it can be removed or replaced with a pipe of a different length. This is a
desirable option when concerned with the effect of upstream length on mixing or system
acoustics. The actual machined parts making up the upstream chamber are shown in Figure 4.8
in reference to the CAD model.
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Figure 4.8 Upstream chamber-manufactured components

4.3 Downstream Chamber
The primary function of the downstream chamber is to confine the flame. The focus in
this region is to quantitatively and qualitatively characterize the flame and its interaction with the
system. In order to measure thermodynamic properties of the flame, the downstream chamber
includes various ports to mount pressure transducers and thermocouples. It also provides optical
access to the flame in order to monitor its behavior and perform diagnostic testing to obtain such
measures as the velocity field and heat release pattern. The upstream chamber-combustor
chamber junction is formed by the dump plane flange which can be seen in Figure 4.3. The
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underside of the flange has four 3/8-24 UNF blind tapped holes used to mount 3/8-24 threaded
rods. The threaded rods (purple in Figure 4.3) are used to hold the MFIS into the seat on the
underneath of the dump plane flange. Using this configuration, the MFIS position can be
adjusted by moving it along the rods. As the flow enters the downstream chamber at the
combustor-inlet junction (i.e. dump plane), it expands from a 1.75 in. diameter cross section to a
3.25 in. diameter opening which corresponds to an area expansion ratio of 3.45. As previously
discussed, the sudden expansion produces shear layers and flow recirculation in the corner
regions of the combustor-inlet junction. This produces regions of low velocity which match the
flame speed allowing the flame to stabilize. Details and dimensions of the downstream chamber
are depicted in Figure 4.9
Downstream
Exit Pipe

Downstream
Extension
Pipe
Extension Pipe
Bottom Flange
Quartz Tube
Top Flange
Fused Quartz
Tube

Dump Plane Flange

Figure 4.9 Overview of the Downstream Chamber
The first section of the downstream chamber is a fused quartz tube which is placed in the
groove located on the dump plane flange. The quartz tube has an inner diameter of 3.25 inches,
a wall thickness of 0.25 inches, and a length of 9 inches. It allows for visual flame observation
and permits the use of laser diagnostic techniques. The tube is held in place by compressing it
between the dump plane flange and an opposing flange using four ½-20 UNF threaded rods.
Graphite gaskets are used to seal the downstream chamber from the outside. Since the
temperature of the quartz tube will rise faster than the threaded rods, it will undergo more axial
thermal expansion. To account for the difference in thermal expansion, a die spring is placed
between each 1/2-20 nut and the upper flange. With this setup, when the quartz tube expands
more than the threaded rods, it pushes the upper flange against the springs, compressing the
springs and allowing itself to expand while still maintaining a pressure tight seal.
Downstream of the quartz tube is an extension pipe which provides mounting ports for
instrumentation such as the pressure transducers, thermocouple rake, emissions probe, and
ignition plug. There are four 3/8 inch NPT ports equally spaced 2 inches apart along the
extension pipe. These ports can be used to mount the thermocouple rake at varying axial
positions along the pipe. The ports can also be used to mount the emissions probe and the
ignition plug. An adaptor fitting is used to mount the ignition plug because the threads on the
plug housing are M18-1.5. The adaptor has a 3/8 inch NPT pipe nipple on one end and female
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M18-1.5 threads on the other. The thermocouple rake can be mounted in any of the ¼ inch NPT
ports using a bored through 3/8 inch compression tube fitting. The stainless steel ferrules in the
bored through fitting are replaced with Teflon ferrules so that the thermocouple can remain
adjustable in the radial direction. The downstream extension pipe has two M14-1.25 pressure
ports which are spaced 6 inches apart. There are also two 1.25 inch quartz viewing windows to
monitor the flame conditions inside the pipe. Like the quartz tube, the downstream extension
pipe is held in place by two opposing flanges with four ½-20 threaded rods. The lower flange
seats the bottom of the pipe while the upper seat is machined into the downstream exit flange.
Again, die springs on the rods are used to compress the flanges against the pipe while allowing
for thermal expansion.
The last component of the downstream chamber is the exit pipe. There are two exit
conditions for the downstream chamber: a one inch nozzle and a 6 inch straight pipe. The exit
nozzle, shown in Figure 4.10, contracts to a one inch opening in 1.5 inches height along the axis
giving a contraction angle of 39° from the combustion chamber axis. The 6 inch straight pipe,
shown in Figure 4.9 has two pairs of ¼ inch NPT ports for general purposes (thermocouple rake,
emission probe, igniter, etc…). The ports are 90° apart from each other spaced 3.75 inches apart
along the axis. There are also two M14-1.25 pressure ports spaced 3.75 inches apart. The
underside of the exit flanges has a 1/8 inch deep seat where the downstream extension chamber
sits.

Figure 4.10 Downstream exit nozzle
All components for the downstream chamber (combustion chamber) are made of 316
stainless steel. This material was chosen because it has good weldability, high yield strength and
more importantly, high corrosion resistance at elevated temperatures. It is also reasonably
affordable in comparison with other high performance metals such as titanium and Inconel and is
available in many different shapes and sizes. The actual machined parts making up the upstream
chamber are shown in Figure 4.11 in reference to the CAD model.

4.4 Test Stand
The combustion chamber is vertically supported by the test stand shown in Figure 4.12.
The step on the underneath of the dump plane rests in a 4 inch diameter cutout on the surface
plate of the test stand. It is bolted to the surface plate by the ½-20 UNF threaded rods which also
hold the quartz tube in position. The surface plate is made of a circular sheet of 0.25 inch thick
1020 carbon steel. Its 16 inch diameter provides a resting surface when working around the
assembly. The igniter box is bolted to the underneath of the surface plate using a 2024
aluminum L bracket. Mounting the igniter under the surface plate saves space on the top and
ensures a non obstructed view of the flame during operation. The surface plate is supported by
the rib brackets which are supported by the test stand legs. There are three pairs of ½ inch
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clearance holes evenly spaced at the edge of the surface plate to bolt the rib brackets. The rib
brackets slip over the top of the test stand legs and are held in place with a pair of ¼-28 UNF set
screws. The rib brackets are machined from 304 stainless steel, while the test stand legs are
made of 4140 carbon steel. To give rigidity to the test stand and keep the legs in place, a
triangular support truss is placed over the three legs and fixed in place using ¼-28 set screws. At
the base of the legs is a 0.050 inch thick sheet of 1018 carbon steel. This sheet adds rigidity to
the structure and provides a mounting surface for the manifold used to run the inlet air lines. The
bottom face of each leg has a ½-13 tapped hole which is used to attach small pivoting feet. The
feet hold the 1018 steel sheet in place and allow the test stand to balance itself and sit flush with
the ground.

Figure 4.11 Downstream chamber-manufactured components
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(a)

(b)

Figure 4.12 (a) Combustion chamber test stand (b) Combustion chamber mounted on test stand
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CHAPTER 5 EXPERIMENTAL SETUP
5.1 Instrumentation and Experimental Uncertainties
5.1.1 Equivalence Ratio
In order to calculate the equivalence ratio for a fuel-oxidizer mixture, the balanced
chemical reaction is used to determine the stoichiometric quantity of an oxidizer necessary to
burn a specific amount of fuel. For the complete combustion of methane in air, the
stoichiometric air-fuel ratio by mass is 17.16. The equivalence ratio is then defined as:
5.1
In some of the experimental cases, a mixture of methane and hydrogen was studied to determine
the effect of hydrogen addition on flashback and blowout. When multiple fuels are being used, a
suitable definition of the overall stoichiometry must be used. Based on the stoichiometry, a
hydrogen molecule requires twice the amount of oxidizer (mass basis) that a methane molecule
would require. For a mixture of methane and hydrogen in air, a suitable definition for the
equivalence ratio, equation 5.2, was given by [23].
5.2
The equation implies that the hydrogen is completely oxidized and the remaining oxygen is then
used to burn the methane content. Since the oxidation of hydrogen occurs at a much faster rate
than the oxidation of methane, this is a reasonable assumption. So to calculate the equivalence
ratio to some degree of accuracy, the mass flow rates of air and fuel must me known.
5.1.1.1 Air Mass Flow Rate
To determine the mass flow rate of air, the volumetric flow rate was measured by a
Dwyer Instruments variable area rotameter, model number VFC-122, calibrated in the range of
5-50 SCFM. It is intended for air service and has a 1” female NPT pipe connection at each end.
The flowrate is controlled manually by adjusting the opening in a 1” gate valve. The flowmeter
is calibrated at standard temperature and pressure defined by Dwyer Instruments as 70°F and
14.7 psia and has an accuracy of ± 2% of the full scale (±1 SCFM). When operating at non
standard conditions, the flowmeter reading must be corrected using the equation 5.3 provided by
Dwyer Instruments.
5.3
The subscript A denotes the corrected volumetric flow rate at standard conditions with units of
SCFM (standard cubic feet per minute). The subscript m denotes a measured quantity where Qm
is the flow meter reading, Pm is the absolute pressure measured in psi (pounds per square inch),
and Tm is the temperature measured in degrees Farenheit. To measure the pressure immediately
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downstream of the flowmeter, an Ashcroft bourbon pressure gauge was used. The gauge range
is 0-15 psig, with a ±2% mid-scale accuracy. It has a 2” dial with a ¼” male NPT fitting on the
bottom. In all of the experimental cases, the inlet air temperature was at 70°F so there is no need
to correct the flowrate for temperature. The equation can then be simplified and rewritten as:
5.4
Since the reading is corrected to standard conditions with equation 5.4, the mass flow rate can be
calculated using the density of air at standard temperature and pressure (ρSTP = 1.200 kg/m3).
The mass flow rate is calculated using is equation 5.5. The rotameter and pressure gauge are
shown in Figure 5.1. Table 5.1 summarizes the instrument errors associated with the rotameter
and pressure gauge.
5.5
Table 5.1 Air flowrate measurement errors
Dwyer VFC-122 rotameter

Ashcroft pressure gauge

Accuracy Error
Resolution Error
Total Error
Accuracy Error
Resolution Error
Total Error

uA = ± 1 SCFM
u0 = ± 0.25 SCFM
uc = ± 1.03 SCFM
uA = ± 0.15 psi
u0 = ± 0.125 psi
uc = ± 0.19 psi

Figure 5.1 Air rotameter and pressure gauge
In Table 5.1 the accuracy error is denoted uA, and the resolution error is denoted u0. The
total error uc in a measured variable was calculated using the RSS method with 95% probability
level given by equation 5.7 [5].
5.7
where e is an individual error contribution, and K is the number of element errors. An
uncertainty analysis was performed to determine the total error in the air flow rate, fuel flow rate,
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and hence, the equivalence ratio. Since the error in the actual flow rate is a composition of the
error in the measured flow rate and pressure, an error propagation analysis was used. The
propagation of uncertainty in the measured variables to the result is given by equation 5.8 [5].
5.8a
5.8b
where u is the uncertainty error in a measured variable xi. For the error propagation analysis of
the air flow rate, equation 5.7 takes the form of equation 5.9 based on the measured quantities Qm
(rotameter flow rate) and Pm (air pressure). Table 5.2 gives the error in air flow rate (uQ) and
upstream velocity (uV) based on this error propagation analysis. It should be noted that the
velocity given in Table 5.2 was not separately measured. It was simply calculated by dividing
the flowrate QA by the cross-sectional area (1.963 in2) of the upstream chamber.
5.9a

5.9b
Table 5.2 Measurement uncertainty in the air flow rate and velocity of the upstream chamber

12
16
20
24

Flow Measuements
Pm
QA
V
0.75
12.30
4.50
1.25
16.67
6.09
2.00
21.32
7.79
3.00
26.34
9.63

28
32
36

4.00
5.25
7.00

Qm

31.58
37.28
43.74

11.54
13.63
15.99

uQ
1.06
1.08
1.11
1.14
1.17
1.21
1.27

Errors
uV

%

0.39
0.39
0.40
0.42

8.61
6.47
5.18
4.33

0.43
0.44
0.46

3.72
3.26
2.90

5.1.1.2 Fuel Mass Flow Rate
The fuel mass flow rate is measured and controlled by Omega mass flow controllers,
model number FMA 5400, shown in Figure 5.2. The methane flowrate is measured by two
flowmeters. One has a range of 0-100 LPM nitrogen (N2) and the other has a range of 0-50 LPM
N2. For low flowrates, the low range flowmeter is used to achieve higher accuracy since
measurement error for these flowmeters is a function of the full scale range. The 100 LPM
flowmeter is used at intermediate flowrates and for higher flowrates, the two flowmeters are used
in parallel. The hydrogen flowrate is measured with a single flowmeter with a range of 0-30
LPM N2. The flowmeters are calibrated with dry nitrogen at standard temperature and pressure.
63

When measuring gases besides nitrogen, a correction factor (K) must be applied. The correction
factor is a function of the density and specific heat of the gas being measured. For methane, the
K factor is 0.7175 and for hydrogen, the K factor is 1.0106 (Omega 2007). To obtain the
corrected flowrate, the measured flowrate is multiplied by the K factor. Since the flowmeter is
calibrated at STP, the mass flow rate can be calculated simply by multiplying the volumetric
flow rate by the gas density at STP. This is given in equation 5.6
5.6
The mass flow controllers operate on a thermal/laminar flow principle. The stream of gas is split
into two flow conduits. A small portion of the flow goes through a capillary stainless steel tube
while the remainder of the gas flows through the primary flow conduit. Because of the
geometry, laminar flow is achieved in each conduit. Due to the principles of fluid dynamics for
laminar flows, they are directly proportional to one another and so by measuring the flow in the
sensor tube, the total flow rate can be determined. To determine the flow in the sensor tube, a
heat flux is applied at two locations along the sensor tube by means of precision wound heater
sensor coils. The heat introduced to the gas stream at the upstream location is carried to the
downstream location. An electronic control circuit detects the resultant temperature dependent
resistance differential which is linearly proportional to the rate of flow in the tube. The
resistance differential is converted to a 0-5 VDC analog output. The flowrate is controlled by a
0-5 VDC analog signal which is set on the graphical user interface in Labview and output by the
data acquisition card. The FMA 5400 incoroporates a proportionating solenoid valve which
adjusts to correct deviations in the setpoint. Deviations are determined by the closed loop
control circuit which compares the mass flow output with the selected flow rate.

Figure 5.2 Omega FMA-5400 mass flow controller
The FMA 5400 has an accuracy of ±1.5% of the full scale and a repeatability error of ±0.5% of
the full scale. The FMA 5400 max flow 30 LPM has a 300 ms time constant and the FMA 5400
max flow 50 and 100 LPM has a 600 ms time constant. The output signal is linear 0 to 5 VDC
(1000 Ω minimum load impedance) with 20 mV peak to peak max noise [13].
The accuracy and repeatability errors associated with the fuel flowmeters is presented in
Table 5.3. Since the methane flow rate was measured using both the 100 LPM flowmeter and
the 50 LPM flowmeter, the errors associated with each had to be combined to give the total error
uc,T using the RSS method. Also, since the flowmeter indicates a reading in liters per minute
(LPM) of N2, the errors for the 50 and 100 LPM flowmeters were converted to LPM CH 4 using
the conversion factor 0.7175, and for the 30 LPM flowmeter, a conversion factor of 1.0106 was
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used for LPM H2. Equation 5.7 was used to calculate the total error uc for each flowmeter as
well as the total error uc,T due to the error contributions of the 50 and 100 LPM flowmeter when
measuring the total CH4 flowrate.
Table 5.3 Fuel flowrate measurement errors

Omega FMA-5400 Mass Flow Meters
Accuracy
Repeatability

±
±

100 LPM N2
1.5 % FSO
0.5 % FSO

Accuracy

±

1.5

Repeatability

±

0.5

uA
ur

±
±

1.07
0.36

LPM
LPM

% FSO

uA

±

0.54

LPM

% FSO

ur

±

0.18

LPM

50 LPM N2

100 and 50 LPM Flowmeters Combined
Accuracy

uA

±

1.20

LPM

Repeatability

ur

±

0.40

LPM

uA
ur

±
±

0.45
0.18

LPM
LPM

Accuracy
Repeatability

±
±

1.5
0.5

30 LPM N2
% FSO
% FSO

The uncertainty in the equivalence ratio is based on the error contributions of the air and fuel
flowrates. Equation 5.1 for the equivalence ratio of an air and methane mixture was used to
determine the error propagation in the calculated equivalence ratio. Since the air flowrate was
measured in SCFM and the fuel flow rate was measured in LPM, a conversion factor C is applied
to the equation to yield the following result.
5.10
where C = 28.316 LPM/SCFM. Since the densities are assumed to be constant, they can be
grouped with the other constants in the equation to form a single constant, B, for simplification.
This yields equation 5.11.
5.11
Now, employing equation 5.8, the flowrate error propagation in the equivalence ratio can be
found by taking the respective derivatives of equation 5.11 yielding the following result. The
uncertainties associated with measuring the equivalence ratio is given in Tables 5.4 and 5.5.

5.12
When testing with hydrogen enriched methane, the equivalence ratio was calculated with
equation 5.2 and the percentage H2 by volume was calculated with equation 5.13 whereby the
measurement uncertainty was determined using the same method described above for error
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propagation.
Eq. 5.13
Table 5.4 Measurement uncertainty in the equivalence ratio based on absolute accuracy error

Equivalence Ratio
12.30
16.67
21.32
26.34
31.58
37.28
43.74

0.95

0.9

0.85

0.8

0.75

0.7

0.65

0.6

0.55

0.5

0.088
0.066
0.053
0.044
0.038
0.033
0.029

0.084
0.063
0.050
0.042
0.036
0.031
0.028

0.080
0.060
0.048
0.040
0.034
0.030
0.026

0.076
0.057
0.046
0.038
0.032
0.028
0.025

0.072
0.054
0.043
0.036
0.031
0.027
0.024

0.069
0.051
0.041
0.034
0.029
0.025
0.022

0.065
0.049
0.039
0.032
0.027
0.024
0.021

0.061
0.046
0.036
0.030
0.026
0.022
0.020

0.058
0.043
0.034
0.028
0.024
0.021
0.018

0.054
0.040
0.032
0.027
0.023
0.020
0.017

Table 5.5 Measurement uncertainty in the equivalence ratio based on repeatability and resolution
error

Equivalence Ratio
12.30
16.67
21.32
26.34
31.58
37.28
43.74

0.95
0.023
0.017
0.014
0.012
0.010
0.009
0.008

0.9
0.022
0.017
0.013
0.011
0.010
0.008
0.007

0.85
0.021
0.016
0.013
0.011
0.009
0.008
0.007

0.8
0.020
0.015
0.012
0.010
0.009
0.008
0.007

0.75
0.019
0.015
0.012
0.010
0.008
0.007
0.006

0.7
0.018
0.014
0.011
0.009
0.008
0.007
0.006

0.65
0.018
0.013
0.011
0.009
0.008
0.007
0.006

0.6
0.017
0.013
0.010
0.008
0.007
0.006
0.005

0.55
0.016
0.012
0.010
0.008
0.007
0.006
0.005

0.5
0.015
0.011
0.009
0.008
0.006
0.006
0.005

5.1.2 Temperature Measurements
A four point thermocouple rake is used to map the temperature distribution inside the
combustion chamber. The rake is comprised of exposed fine wire type-B thermocouples
(positive lead: Pt 30%-Rh, negative lead: Pt 6%-Rh). Type B thermocouples have an operating
range of 0-1700°C and an accuracy of ± 0.5% of the reading (> 800°C). Each thermocouple is
encased in a 1/8 inch alumina ceramic tube to prevent the wires from touching and also to
provide rigidity and protection from the flame. The thermocouple wires and ceramic tubes are
mounted in a specially designed probe, shown in Figure 5.3. The first section of the probe is a
3/8 inch diameter tube which can be mounted in a compression tube fitting to create a pressure
tight seal while remaining adjustable. The probe opens up into a ¾ inch tube where the fine
wires transition into the hafnia insulated lead wires. The lead wires are connected to a data
acquisition module (NI-USB-9211A) featuring integrated signal conditioning, internal cold
junction compensation and 250 Vrms channel-to-Earth ground isolation. Other specifications for
the NI-USB-9211A are listed in Table 5.6. An image of the module is shown in Figure 5.4.
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Figure 5.3 4-point type B thermocouple rake
Table 5.6 NI-USB-9211A Specifications
No. of Channels
Resolution
Input Range
CJC Accuracy
Conversion Time
Sampling Rate
Gain Error
Offset Error

4
24 bits
± 80 mV
0.6°C within (0-60°C)
70 ms/channel (420 ms overall w/ autozero and CJC)
12 Samples/s
0.06% of reading (typical), 0.1% (maximum)
15 μV (typical), 20 μV (maximum)

Figure 5.4 National Instruments USB-9211A DAQ for Thermocouples

5.1.3 Pressure Measurements
Acoustic instabilities and heat release patterns can cause intense high frequency pressure
fluctuations inside the combustion chamber and vice versa. In order to measure the pressure
fluctuations, two quartz piezoelectric pressure transducers (Kistler 7061B) are mounted at the
wall of the combustion chamber in the available M14-1.25 ports. The 7061B model is a water
cooled pressure sensor particularly suitable for high precision thermodynamic measurements due
to its insensitivity to thermal shock and its zero point stability. As a result, it is particularly
suitable in combustion chambers where wide temperature fluctuations can occur. Specifications
for the pressure transducer are given in Table 5.7. The transducer charge signal passes through a
charge amplifier (Kistler Type 5010) where it is then converted into an analog voltage signal
which can be scaled appropriately depending on the operating pressure range. Specifications for
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the charge amplifier are given in Table 5.8. An image of the pressure transducer and charge
amplifier is shown in Figure 5.5.

Table 5.7 Specifications of Kistler 7061B Pressure Transducer
Measuring Range
Overload
Sensitivity
Natural frequency
Non-linearity
Operating Temperature Range
Sensitivity Shift, cooled

0 - 3626 psi
4351 psi
≈ 5.52 pC/psi
≈ 45 kHz
< ±0.5% FSO
-58 - 662°F
< ±0.5% within (50°C ±35°C)

Table 5.8 Specifications of Kistler 5010 Charge Amplifier
Measuring Range
Frequency Range
Output Signal
Accuracy

±10 - 999000 pC
0 – 180 kHz
±10 V
< 0.5% Reading

(a)

(b)

Figure 5.5 (a) Kistler 7061B pressure transducer and (b) 5010 charge amplifier

5.1.4 Heat Release Measurements
It is useful to measure the heat release intensity in the flame because it correlates with the
pressure oscillations in the combustion chamber and provides a quantitative measure of the flame
intensity. In order to quantify the integral heat release pattern, a silicon pin Melles Griot
photodiode is positioned to view the flame. The Melles Griot silicon pin photodiode is ideal for
low intensity high bandwidth applications. In addition, it has an excellent high frequency
response producing rise times as fast as 0.35 nsec using a transimpedance amplifier. This is
important since the pressure oscillations and heat release pattern occur at relatively high
frequencies (≈ 200 Hz.). The amplifier converts the current signal to a voltage while maintaining
a constant zero bias across the photodiode independent of the signal amplitude. The photodiode
and amplifier are shown in Figure 5.6. A positive correlation exists between the number of CH
radicals in the flame and the heat release intensity. Since the CH radical emits light at a
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wavelength of 390 nm, an optical filter is placed over the photodiode lense so that light at 390
nm passes through while all other wavelength contributions, such as natural light, are attenuated.
The instrument specifications are given for the photodiode and amplifier in Tables 5.9 and 5.10.

(a)

(b)

Figure 5.6 (a) Melles Griot silicon PIN photodiode (b) current amplifier
Table 5.9 Instrument specifications for Melles Griot photodiode
Melles Griot silicon PIN photodiode (13 DAH 005)
Spectral Response
Bias
Rise Time at -9 VDC
Response at 830 nm

350 - 1100 nm
-9 VDC
2.5 – 3.5 nsec (maximum)
0.35-0.40 A/W (maximum)

Table 5.10 Instrument specifications for Melles Griot current amplifier
Melles Griot Dynamic Range amplifier (13 AMP 003)
Accuracy
Input Current Range
Range Selection
Monitor Out
Offset Current Range
Input/Output Connector
Type

± 1% all ranges
1 pA – 100 mA
9 – position switch, 2 nA – 100 mA
-2 V to +2 V full scale
-2 mA to +2 mA
BNC

5.1.5 NOx Emission Measurements
The primary advantage of running combustors in a lean premixed mode is to reduce the
adiabatic flame temperature in order to lower the global reaction rate and hence reduce NO x
emissions. As stated, the primary NO x formation mechanism is thermal NO x which is directly
proportional to the adiabatic flame temperature. Even when thermal NOx becomes less
predominant at lower flame temperatures (T < 1200 °C), further decreases in NOx can still be
achieved since the global reaction rate continues to decrease. To obtain NO x emissions,
combustion gases are extracted from the combustion chamber and analyzed by the ƒNO x400
system made by Cambustion Ltd. To obtain the sample, a remote sampling head is situated in
close proximity to the combustion chamber. Coupled to it is a heated sample probe which is
positioned at the center of the combustion chamber via a 3/8 inch compression tube fitting
mounted to one of the 3/8 inch NPT ports along the wall of the combustion chamber. To remove
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the effect of pressure fluctuations in the flow, the remote sampling head uses an intermediate
chamber (called a Constant Pressure (CP) chamber) to isolate the sample. A portion of the
sample is drawn from the CP chamber into a reaction chamber where it meets a controlled flow
of ozone. When NO molecules react with ozone, the light emitted is directly proportional to the
concentration of NO in the sample. The light emission is collected through a fiber optic cable
and measured at the main control unit by a photo-multiplier. This industry standard method of
detection is termed chemiluminescence and allows the ƒNOx400 system to measure
concentrations of NO with a time response of 4 ms. The ƒNOx400 uses a dynamic calibration
system. To calibrate the system, dry nitrogen is fed to the "zero in" port and a known level of
NOx is fed to the "span" port. For these experiments, the NOx span gas was 100 ppm. When the
system mode is set to zero, dry nitrogen is measured so the offset can be adjusted to read zero
since pure nitrogen should theoretically contain zero NOx. When the system is set to span, the
span gas is measured and the corresponding voltage output corresponds to the NOx level in the
span gas. For example, assuming that the span voltage output is 5 V for a span gas containing
100 ppm, if a measured sample produces a voltage output of 2.5 V, then the sample contains 50
ppm NOx. The span voltage output can be adjusted by changing the gain control on the main
control unit so that the maximum NOx level expected corresponds to a voltage output as close to
10 V as possible without going over. Instrument specifications for the ƒNO x400 are given in
Table 5.11. The heated sample probe is fitted to a specially designed water cooled casing so that
the actual probe exposed to the combustion gases will remain within the temperature limits of the
material. Figure 5.7 shows the Cambustion system and the heated sample probe installed in a
port on the combustion chamber.
Table 5.11 Specifications for ƒNOx400 measuring system
Sensitivity
Linearity
Noise
Quenching

0.1 mV/ppm to 50 mV/ppm in 9 ranges as NO at an STP sample flow of 50 cc/min
± 1% full scale to 5000 ppm NO --------------- ± 2% full scale to 10000 ppm NO
rms < 1% of mean for 1000 ppm NO, gain 20
≈ 0.7% loss in signal per 1% H2O in sample
≈ 0.3% loss in signal per 1% CO2 in sample
90% - 10% ~ 4 ms with a standard sampling configuration
500, 200, 100, 50, 20, 10, 5, 2, 1 V/mA
-10 V to +10 V

Response Time
Ranges
Output Voltage

(a)

(b)

Figure 5.7 (a) Cambustion ƒNOx400 measuring system (b) heated sample probe
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5.1.6 Data Acquisition System
Each instrument outputs measured data in the form of an analog voltage. In order to
sample the data appropriately, the signal output of each instrument is connected to a National
Instruments PCI-6229 data acquisition card via a National Instruments BNC-2120 connector
block. The data acquisition card is installed in a standard desktop PC running on a Windows XP
Professional operating system. Data is transferred to the card using the connector block which
has 8 analog inputs and 2 analog outputs. The connector block is shown in Figure 5.8. Table
5.12 lists channel connection for each instrument. Figure 5.9 shows the location of the
instruments used in the experimental combustor setup. Table 5.13 summarizes the uncertainties
associated with the experimental measurements discussed in this chapter.
Table 5.12 Instrument channel connections to BNC 2120 connector block
Analog Inputs
Channel 0
Channel 1
Channel 2
Channel 3
Channel 4
Channel 5
Channel 6

FMA-5400 (50 LPM-Methane) Flowmeter Reading (0-5 V)
FMA-5400 (100 LPM-Methane) Flowmeter Reading (0-5 V)
FMA-5400 (30 LPM-Hydrogen) Flowmeter Reading (0-5 V)
Kistler 7061 Pressure Transducer (Upstream position) (-10 to +10 V)
Kistler 7061 Pressure Transducer (Downstream position) (-10 to +10 V)
Melles Griot 13-DAH-005 Photodiode (-10 to +10 V)
Cambustion ƒNOx400 measuring system (0 to +10V)

Analog Outputs
Channel 0
Channel 1

FMA-5400 (50 and 100 LPM-Methane) Flowmeter setpoint signal (0-5 V)
FMA-5400 (30 LPM-Hydrogen) Flowmeter setpoint signal (0-5 V)

Figure 5.8 National Instruments BNC-2120 connector block
Table 5.13 Summary of experimental uncertainties
Measurement Uncertainties
Flow Velocity

± 0.10 m/s (repeatability) ± 0.42 (accuracy) @ 26 SCFM

Temperature
Equivalence Ratio

± 0.5% of reading (°C)
± 0.01 (repeatability) ± 0.044 (accuracy) @ 26 SCFM

NOx Concentration
%H2 by Volume

± 1 ppm
± 0.18% (repeatibiltiy) ± 0.55% (Accuracy) @ 40% H2
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NOx Sample
Probe

Downstream
Pressure Transducer

Type B
Thermocouple Rake

Height of CH
Photodiode

Ignitor Plug

Upstream Pressure
Transducer

Ignitor Box

Figure 5.9 Combustor experimental setup

5.2 Air/Fuel Delivery System
Experimental combustion measurements were performed using the combustion chamber
apparatus described in Chapter 4 and instrumentation described in section 5.1. Air is supplied to
the combustion chamber by a large pressure vessel fed by an AtlasCopco air compressor at 290
psig capable of 450 ACFM. Upstream of the testing apparatus, the air is regulated to 160 psig by
a pressure regulator and passes through a coalescing filter which removes oil aerosols and
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submicron solid particles down to 0.01 microns. The air flow rate is adjusted by a 1 inch gate
valve positioned upstream of the rotameter and pressure gauge. It is then transported through a 1
inch multi-purpose rubber hose which splits at a brass tee into two ¾ inch rubber hoses. These
two hoses deliver the air to each side of a 4 way manifold made from 2024 aluminum. The inlets
of the manifold are 1/2 inch NPTF and the 4 exit ports are 3/8 inch NPTF. The air exits the
manifold ports and is transported through 3/8 inch ID rubber hose to the 4-1/4 inch NPTF ports
on the upstream entrance chamber. The air enters the upstream entrance chamber in the radial
direction. Before reaching the swirler near the dump plane, the delivery air passes through a
flow straightener positioned 6 inches (15.24 cm) from the dump plane to ensure uniform flow.
The range of air flow rates used in the experiments was 12-36 SCFM based on the rotameter
reading. The actual flow rates due to the pressure correction factor are given in Table 5.14 along
with the corresponding velocities and Reynolds number. The upstream velocities were
determined by the upstream cross section area of 1.963 in2 (12.67 cm2) based on the upstream
chamber dimensions (0.75 inch (1.9 cm) center-body diameter and 1.75 inch (4.44 cm) outer
diameter). The velocity and Reynolds number for the downstream flow (combusting flow) is
based on a bulk fluid temperature of 1650 K and chamber inner diameter of 3.35 in (8.51 cm).
The Reynolds number reported is based on the bulk velocity so it should not be interpreted as a
turbulence Reynolds number frequently reported in literature using the turbulence intensity.
Based on the air flow rate, the thermal load was also calculated for a lean limit equivalence ratio
(Φ = 0.5) and a near stoichiometric equivalence ratio (Φ = 0.95) and is based on the net heating
value of methane (CH4). All experimental data was taken within this range of equivalence ratios.
Figure 5.10 shows the air delivery system and line connections to the test apparatus.
Fuel is supplied by a 25 liter gas cylinder with a pressure regulator set at 40 psig. The
fuel is metered by the gas mass flow meters described in section 5.1. Before entering the
combustion chamber, the fuel is carried by 1/4 inch stainless steel tubing through a check valve
and then flame arrestor as a safety precaution to prevent the flame from traveling towards the
fuel source. After leaving the flame arrestor, the fuel line is split two ways with a 1/4 inch tube
tee. On each side of the split is a 1/4 inch instrumentation ball valve to isolate the two lines.
After the ball valves, the fuel is transported through 1/4 inch flexible braided stainless steel hose.
One of the lines carries fuel to the center feed assembly for testing the MFIS. The other line
splits into two and is ported to the radial fuel injection disc used to inject fuel upstream of the
swirler. Figure 5.11 shows the fuel delivery system and line connections to the test apparatus

5.3 Accessory Fluid System
The pressure transducers are water cooled in order to ensure repeatability and accuracy
during testing when the combustor temperature becomes relatively high (T > 500°C). Also,
since the transducer diaphragm is adjacent to the wall of the combustion chamber, water cooling
keeps the exterior temperature moderate to prevent thermal degradation due to corrosion and
scaling. The water is supplied by a water tap in the lab. It passes through a 1 µm filter and is
regulated by a needle valve upstream of the filter. The water is transported to a 4 way brass
manifold using standard 3/4 inch garden hose. Each exit port on the manifold is isolated by a
ball valve. 1/4 inch push to connect tube fittings are attached to the manifold to allow for easy
connection of the tubing lines. One port is used to transport water to the pressure transducers
while another is used to carry water to the center feed assembly for cooling the bluff body. The
inlet port on the center feed assembly is a 1/4 inch compression tube fitting. A 1/4 inch tube stub
x 1/4 inch NPTF brass fitting is connected to the compression fitting followed by a 1/4 inch
NPTM x 1/4 inch tube OD push to connect polypropylene fitting. 1/4 inch polyethylene tubing
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is used to make the connection between the brass manifold and the center feed assembly. The
exit port on the center feed assembly is fitted with a 1/2 inch tube stub x 1/4 inch NPTF brass
fitting followed by a 1/4 inch NPTM x 1/4 inch tube OD push to connect polypropylene fitting.
The polypropylene tubing carries water from the exit of the center feed assembly to a general
purpose drain in the combustion lab. In order to route water to each of the two pressure
transducers, 1/4 inch polypropylene tubing delivers water from the other exit port on the brass
manifold to a 1/4 inch tube OD polypropylene tee. The 1/4 inch tubing connects to a 1/4 inch
tube OD x 1/4 inch NPTM polypropylene fitting. This fitting connects to a 1/4 inch NPTF x 1/8
inch barbed nylon fitting. 1/8 inch ID Tygon tubing makes the connection between the barbed
fitting and barbed inlet port of the pressure transducer. The exit coolant line for the pressure
transducer uses the same connections and terminates into the common lab drain.
An air coolant system is employed to cool the downstream extension chamber to protect
the material and instrumentation attached to the chamber. The cooling air is supplied by the
same compressor as the combustion air. A regulator is used to keep the air pressure in the
coolant line below 50 psig. 3/8" ID multipurpose rubber hose is used to connect the regulator to
an aluminum manifold which is magnetically held in place on the surface plate of the stand. 1/4
inch Loc-line tubing is attached to the manifold and used to distribute cooling air to a circular
array of exit jets which surround the downstream chamber. Another line connected to the
manifold is used to cool the exterior of the thermocouple probe which is sealed with a stainless
steel compression fitting containing a Teflon ferrule. This allows the thermocouple probe to be
adjustable in the radial direction but due to the high temperatures, the Teflon ferrule must remain
at moderately low temperatures (T < 250°C). Figure 5.12 illustrates the piping and electrical
connections associated with the experimental setup

Air Pressure
Gauge

Air Feed Lines

Rotameter

1" Gate Valve
Air Manifold

Air Filter

(a)

(b)

Figure 5.10 (a) Air delivery system (b) Air line connections to test apparatus
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Fuel Inlets for radial fuel injection

Fuel Pressure
Gauge
Check Valve
Fuel Inlet for
MFIS

Fuel
Isolation
Valves

Flame Arrestor

(a)

(b)

Figure 5.11 (a) Fuel delivery system (b) Fuel line connections to test apparatus

Figure 5.12 Piping and electrical diagram of experimental setup
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Table 5.14 Air flow rate parameters and combustor thermal load
Air Flow (SCFM)
Reading

Actual

12
16
20
24
28
32
36

12.30
16.70
21.35
26.31
31.62
37.33
43.74

Upstream Flow
(ft/s)
15.91
22.14
28.31
34.89
41.93
49.50
56.58

(m/s)
4.82
6.71
8.58
10.57
12.71
15.00
17.15

Downstream Flow

Re
8097
10994
14055
17321
20816
24575
28795
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Thermal Load (kW)

(ft/s)

(m/s)

Re

Φ = 0.5

Φ = 0.95

20.27
27.52
35.18
43.35
52.10
61.51
72.07

6.14
8.34
10.66
13.14
15.79
18.64
21.84

1827
2480
3170
3907
4696
5543
6495

10.1
13.8
17.6
21.7
26.1
30.8
36.1

19.3
26.2
33.5
41.2
49.6
58.5
68.6

CHAPTER 6 EXPERIMENTAL PROCEDURE AND RESULTS
To evaluate and characterize the combustion performance of the Micro Fuel Injection
Swirler, the following set of experiments were performed.
Lean blowout limits were established for the MFIS and compared to those obtained by
combustion with a baseline case, solid swirler. Lower lean blowout limits indicate the
ability to operate the combustor at lower temperatures allowing for a reduction in NOx
emissions.
Direct flame luminosity images were captured at discrete equivalence ratios for each test
case. These were complimented by measuring the integral heat release in the primary
combustion zone near the dump plane. This gave a measure of the combustion intensity
in the region near the dump plane
NOx emissions were measured far downstream of the primary combustion zone and
complimented by flame temperatures also measured downstream. The ability to achieve
lower NOx emissions at a specified operating temperature would indirectly indicate more
uniform mixing.
Time variant measurements of the combustion chamber pressure, upstream and
downstream of the dump plane, and heat release were simultaneously measured at
discrete equivalence ratios. These measurements allow for characterization of the
combustion dynamics and combustion instability mechanisms.
All measurements were then repeated for the MFIS and solid swirler with a constricted
nozzle exit condition at the end of the downstream chamber. This scenario simulates a
more realistic acoustic condition that would be present in industrial gas turbine engines.
The MFIS was also tested with hydrogen enriched methane with mixtures containing up
to 40% H2 by volume. Investigation of the combustion stability and lean blowout limits
was done to assess the MFIS's applicability to combustion of hydrogen enriched fuels due
to the growing interest in hydrogen as a major source of fuel for future energy demands.
While three different fuel injection patterns were manufactured, only the medium grid
pattern was tested in detail. Due to inconsistencies in the brazing process, the coarse and fine
grid patterns produced a flame which was slightly asymmetric. Lean blowout limits were similar
but overall mixedness was not optimum due to non-uniformity in the fuel injection pattern. As a
result, higher NOx values could be expected. This manufacturing error could be easily resolved
in the future by tightening the tolerances on the fit between the fuel injection panel and manifold
pieces.
The tests were performed for six different cases using the experimental setup described in
Chapter 5 and depicted in Figure 5.9. Case 1 employs the MFIS positioned in the upstream
chamber so that the exit of the premixer is 0.5 inches from the dump plane. The exit pipe at the
end of the downstream chamber was fully open. This condition is termed the "straight" exit
condition. Inherent in the design of the MFIS, the fuel is injected at the swirler, hence the
injection scheme is termed "local" injection. This case is therefore notated in the results as the
MM-S-L-0.5 case where "MM" refers to the MFIS, "S" indicates the straight exit condition, "L"
indicates local injection, and "0.5" indicates the distance from the dump plane in which the exit
of the swirler is located. Case 2 employs the MFIS at a position of 1.5 inches upstream of the
dump plane, therefore it is abbreviated as MM-S-L-1.5. The difference between this case and the
first is that the MFIS has an additional 1 inch of mixing length. Case 3 was performed using the
77

nozzle exit plate and is annotated as MM-N-L-0.5. For the MFIS cases, the effective mixing
length of fuel and air is the same as the distance at which the MFIS is positioned. Case 4 uses
the solid swirler, notated "SS", positioned 0.5 inches from the dump plane. For this case, fuel
was injected through the radial fuel injection swirler positioned 1.5 inches upstream of the dump
plane which results in an effective mixing length of 1.5 inches. It is notated as SS-S-L-0.5. Case
5 employs the solid swirler at 0.5 inches upstream of the dump plane but with the radial fuel
injection disc positioned 20 inches upstream of the dump plane providing an effective mixing
distance of 20 inches. It is notated as SS-S-U-0.5 where "U" indicates that fuel was injected far
upstream. The intent of this case is to create a presumably perfectly mixed case to establish a
benchmark comparison for the MFIS. Case 6 is the same as case 5 but with the nozzle exit
condition and is notated as SS-N-U-0.5. A summary of the test cases is given in Table 6.1.
In an industrial gas turbine engine, the exit of the combustion chamber/inlet of the turbine
is characterized as an acoustically closed condition. For cases 3 and 6, the exit nozzle constricts
the flow to a 1 inch diameter opening to simulate an acoustically closed condition similar to that
found in an industrial gas turbine engine. The presence of the exit nozzle acts as a feedback
mechanism for the system acoustics which interact with vortex shedding and heat release
patterns in the combustion zone. The interaction of these thermal-fluid phenomena can give rise
to large pressure oscillations within the chamber leading to combustion instabilities. To
characterize the combustion instabilities, the time variant pressure in the combustion chamber
was measured upstream and downstream of the dump plane with piezoelectric pressure
transducers mounted at the chamber wall. The downstream transducer was mounted
approximately 10 inches (z/D = 5.7) from the dump plane, where z is the axial distance
referenced from the dump plane and D is the inner diameter of the upstream chamber. The
upstream transducer was positioned approximately 4 inches (z/D = 2.28) from the dump plane.
The transducer signals are sampled at a frequency of 2500 Hz which allows for accurate
reproduction of the signal considering that expected dominant frequencies will be in the range of
0-500 Hz.
Table 6.1 Experimental test cases
Case
1
2
3
4
5
6

Mixer Type
MFIS
MFIS
MFIS
SolidSwirler
SolidSwirler
SolidSwirler

Exit
Condition
Straight
Straight
Nozzle
Straight
Straight
Nozzle

Injection
Location
(mixing length)

Local (0.5)
Local (1.5)
Local (0.5)
Upstream (20)
Local (1.5)
Upstream (20)

Swirler
Location

Notation

0.5
1.5
0.5
0.5
0.5
0.5

MM-S-L-0.5
MM-S-L-1.5
MM-N-L-0.5
SS-S-U-0.5
SS-S-L-0.5
SS-N-U-0.5

The heat release rate for hydrocarbon fuels can be quantified by measuring the amount of
light emitted by the CH radical. The Melles Griot photodiode was used to measure the CH light
by positioning it approximately 12 inches from the combustion chamber wall at a height of z/D =
0.57 above the dump plane. The photodiode is fitted with a filter to attenuate all wavelengths
other than 390 nm, which is the characteristic wavelength of light emitted by the CH radical.
The photodiode has an integral line of sight so that the CH light measured is an average
measurement of the light emitted across the width of the combustion chamber at the axial
location at which it is positioned. It was also sampled at a frequency of 2500 Hz.
NOx concentrations in the exhaust gases were measured by mounting the NOx sample
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probe near the exit of the downstream chamber, approximately 18 inches (z/D = 10.28) from the
dump plane, with the tip of the probe positioned at the center of the combustion chamber. Flame
temperatures were measured with the Type B thermocouple rake positioned approximately 10
inches (z/D = 5.71) downstream of the dump plane.
Detailed measurements for the 6 test cases were studied at three different air flow rates
(16, 24, and 32 CFM based on the rotameter reading). These flowrates are corrected to actual
flowrates in Table 6.2 based on the pressure correction factor for the flowmeter, given by
equation 5.4. Table 6.2 also lists intermediate flowrates which were used in the determination of
the lean blowout limits. Based on each flowrate, the table gives the upstream flow velocity,
downstream flow velocity, associated bulk Reynolds numbers as well as the combustor load.
The experiments were run over the lean range of equivalence ratios from Φ = 0.95 to Φ ≈
0.50 depending on the lean blowout limit. Labview data acquisition software was used to control
the equivalence ratio by sending an output voltage to the fuel flowmeters that was proportional to
the desired fuel flowrate. A file was then created to specify the equivalence ratio at every 0.5
seconds increment of time. Using this setup, each test case could be run at each equivalence
ratio for the same length of time while data acquisition was in progress. This enables the user to
directly specify the equivalence ratio as opposed to manually adjusting the flowrate of fuel and
air to accomplish the desired equivalence ratio during the test. This helps with repeatability of
the test by ensuring that the combustion chamber has had sufficient time to heat up following
ignition and running each test case at the same equivalence ratio for the same length of time.
The specified equivalence ratio as a function of time is shown in Figure 6.1. Referring the
Figure 6.1, data acquisition begins at time t = 0. At 5 seconds into the test, the fuel flowrate was
stepped up suddenly to yield an equivalence ratio of 0.75 so that the air-fuel mixture can be
ignited. The mixture was ignited shortly afterward (≈ 1-2 seconds) and then held constant at an
equivalence ratio of 0.75 to allow the flame to stabilize and the combustion chamber to heat up.
At 20 seconds, the equivalence ratio was ramped up to a value of 0.95 and then held constant for
20 seconds to allow for data acquisition. The first five seconds of that period was intended to
allow for flame stabilization after the ramp up. The equivalence ratio was then decreased in
increments of 0.05 and held at each discrete equivalence ratio for 15 seconds to allow for data
acquisition. Beyond 0.60, the equivalence ratio was decreased by increments of 0.025 since
extinction was near. Below 0.525, the equivalence ratio was decreased by increments of 0.01 so
that the lean blowout limit could be recorded. The measurements were repeated for hydrogen
enriched methane at a flowrate of 24 CFM and hydrogen concentrations of 10%, 20%, and 40%
hydrogen by volume.
Table 6.2 Air flow rate parameters and combustor thermal load
Air Flow (SCFM)
Reading

Actual

12
16
20
24
28
32
36

12.30
16.70
21.35
26.31
31.62
37.33
43.74

Upstream Flow
(ft/s)
15.91
22.14
28.31
34.89
41.93
49.50
56.58

(m/s)
4.82
6.71
8.58
10.57
12.71
15.00
17.15

Downstream Flow

Re
8097
10994
14055
17321
20816
24575
28795

(ft/s)
20.27
27.52
35.18
43.35
52.10
61.51
72.07
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(m/s)
6.14
8.34
10.66
13.14
15.79
18.64
21.84

Re
1827
2480
3170
3907
4696
5543
6495

Thermal Load (kW)
Φ = 0.5

Φ = 0.95

10.1
13.8
17.6
21.7
26.1
30.8
36.1

19.3
26.2
33.5
41.2
49.6
58.5
68.6

All test data gathered during the experiment was processed and divided into 5 general
sections: lean blowout limits, flame luminosity and heat release magnitude, flame temperature
and NOx emissions, combustion dynamics, and hydrogen enrichment. These key results are
presented in the figures and discussion that follows.

Figure 6.1 Equivalence ratio setting vs. experimental run time

6.1 Lean Blowout Limits
The lean blowout limits for each test case were obtained by igniting the air-fuel mixture
at Φ = 0.75, allowing the combustion chamber temperature to reach steady state, and then slowly
decreasing the fuel flow-rate until the flame was extinguished and no longer visible. This was
done over the range of flow-rates given in Table 6.2. Lower lean blowout limits indicate well
mixed reactants as well as a stable flame at lean conditions. Factors affecting flame stability
include hot product recirculation, degree of swirl, turbulence intensity, and molecular mixing of
the fuel and air. The results of the lean blowout test are shown in Figure 6.2. The uncertainty
bars shown for the SS-N-U-0.5 case apply to all data points in the figure. The desired result is a
low lean blowout limit. This allows the combustor to operate at leaner conditions, hence
lowering the global reaction rate through a reduction in flame temperature, resulting in a
reduction of NOx emissions. Figure 6.2 indicates that the MFIS was able to operate at leaner
limits, which is attributed to better mixing and increased turbulence as a result of the turbulence
grid and the proximity of the micro fuel jet mixing region to the primary combustion zone.
Increased turbulence produces fine scale wrinkling of the turbulent flame front leading to an
increase in the turbulent flame speed. The increase in flame speed enables the flame to remain
attached to the dump plane at leaner limits due to its increased resistance to flame strain. In the
MM-S-L-1.5 case, the MFIS was positioned 1.5 inches from the dump plane giving it an
additional 1 inch of mixing length as compared to the MM-S-L-0.5. A slight improvement in the
lean blowout out was observed but appeared to be within the uncertainty limits of the
measurements. The lean blowout limits did not change significantly when the nozzle exit
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condition was used with the MFIS, (MM-N-L-0.5). For the MFIS, the nozzle exit condition
caused nominal flame instability near stoichiometric conditions but as the equivalence ratio
approached the lean limit, the flame appeared more stable and a significant reduction in
combustion instability was observed. The SS-S-U-0.5 benchmark case produced reasonably low
lean blowout limits (Φ = 0.51) but generally exhibited extinction at an equivalence ratio 0.03
higher than the lean limit of the MFIS cases. The SS-S-L-0.5 case produced similar blowout
limits as compared to the SS-S-U-0.5 case. Since the mixing length for this case is considerably
shorter than that for the SS-S-U-0.5 case, the expected result was a higher lean blowout limit.
Due to the reasonable number of fuel injection ports (18) and the implementation of swirl at the
dump plane, this case could be experiencing a higher than expected level of mixedness. It should
be noted, however, that the flame behavior for this case was very intermittent and appeared to be
less stable than the SS-S-U-0.5 case or the MFIS cases, which would indicate a less uniform
mixture. One very plausible reason for a relatively low extinction limit in this case could be the
presence of fuel rich regions near the dump plane which help to keep the flame attached to the
dump plane. The flame images presented in the proceeding section help to support this
conclusion. The lean limits for the SS-N-U-0.5 case were on average, 0.02 higher than the other
two SS cases employing the straight exit condition. The higher extinction limits for this case are
attributed to the severe flame instabilities as indicated by the pressure and heat release data and
by visual observation of the flame. These cause and character of these instabilities are discussed
in detail in the combustion dynamics section. Theoretically, the lean flammability limit of a
methane/air flame is 0.46 with reactants at standard temperature and pressure. The results
presented here demonstrate the capability of the MFIS to approach this limit with a considerably
shorter mixing length as compared to the cases with longer premixing distances.

Figure 6.2 Lean blowout limits for all test cases in Table 6.1-uncertainty bars apply to all
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6.2 Flame Luminosity and Heat Release
In the following results in which line plots are used to compare the various cases, cases 3
(MM-N-L-0.5) and 6 (SS-N-U-0.5) which have the nozzle exit condition will be treated
separately and compared directly to their counterpart cases 1 (MM-S-L-0.5) and 5 (SS-S-U-0.5),
for ease of comparison. The direct flame luminosity was captured with a 6 megapixel Panasonic
digital camera. Figures 6.3 through 6.8 show the direct flame luminosity for all cases at 26.3
SCFM (rotameter reading of 24 SCFM). These images give insight into the flame structure and
behavior and are used to compliment the heat release results. The heat release rate is correlated
with the reaction rate of the fuel and air. When the reactant mixture is well mixed at the
molecular level, the reaction rate is enhanced and combustion occurs more rapidly, evidenced by
a very intense, compact flame. For fuel lean conditions, a high heat release rate would indicate a
higher rate of chemical reaction and better mixing between the fuel and air. The presence of the
CH radical indicates the initiation of the oxidation of CH 4. The CH radical emits light at a
wavelength of 390 nm. Higher CH light emissions indicate a higher heat release rate along the
line of sight of the photodiode. For a particular case, if complete combustion is occurring but the
flame is stretched, the CH light measured along the line of sight of the photodiode will likely be
lower since the primary combustion reaction, which liberates CH radicals, would be occurring
over a broader region in contrast to a very compact flame. Results for the mean CH light
emission vs. equivalence ratio are shown in Figures 6.10 through 6.13.
From Figure 6.3, the flame for the MM-S-L-0.5 case was firmly attached to the lip of the
bluff body. As expected, the flame length increased as the fuel flow rate was decreased. This is
due to the decreased global reaction rate as a result of the decrease in flame temperature at lower
equivalence ratios. Since the laminar flame speed is positively correlated with the global
reaction rate, the flame becomes strained as the fuel is decreased since it becomes harder for the
flame speed to match the local velocity. The images show that there are some considerable
reactions occurring in the corner recirculation zone which is known to aid in flame stability. The
reactions in the corner regions seem to disappear when the equivalence ratio goes below 0.55 and
shortly afterwards, the flame experiences lean blowout near Φ = 0.47. The corner recirculation
zone forms as a result of the sudden expansion geometry at the dump plane. As the flow
suddenly expands, it cannot conform to the boundary walls and the boundary layer separates.
This forms a recirculation region entraining hot combustion products back into the oncoming
reactant stream which functions as a key stabilization mechanism. A similar region also occurs
behind the bluff body. The wake produced by the bluff body forms a recirculating flow which
entrains the hot combustion produces back into the reactant stream. The presence of these
recirculating flows plays a key role in the stability of the flame at all operating conditions.
In Figure 6.4, for the MM-S-L-1.5 case, the reaction zone height is nearly equal in length
but seemingly more intense than that in the MM-S-L-0.5 case. Reactions in the corner region
persist at leaner equivalence ratios than that in the MM-S-L-0.5 case which could explain the
extension of the lean blowout limits for this case. As in the MM-S-L-0.5 case, the flame was
firmly attached to the rim of the bluff body and remained stable over the full range of
equivalence ratios.
Figure 6.5 gives the flame luminosity images for the MM-N-L-0.5 case. At higher
equivalence ratios, Φ ≥ 0.60, the flame is lengthened as compared to its counterpart, MM-S-L0.5. In this range, the flame front appears as a distributed reaction zone rather than a thin
reaction sheet characteristic of the two MFIS cases without the nozzle exit. The combustor was
noisy during this range of operation and proceeding combustion instability results show that the
pressure signal and heat release rate had large fluctuating components. The fluctuations in
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Figure 6.3 Direct flame luminosity for MM-S-L-0.5 at 26.3 SCFM

Figure 6.4 Direct flame luminosity for MM-S-L-1.5 at 26.3 SCFM

Figure 6.5 Direct flame luminosity for MM-N-L-0.5 at 26.3 SCFM

Figure 6.6 Direct flame luminosity for SS-S-L-0.5 at 26.3 SCFM

Figure 6.7 Direct flame luminosity for SS-S-U-0.5 at 26.3 SCFM

Figure 6.8 Direct flame luminosity for SS-N-U-0.5 at 26.3 SCFM
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pressure and heat release are attributed to the acoustic feedback as a result of the nozzle exit
condition. Details characterizing this behavior are discussed in the proceeding sections. When
the equivalence ratio reaches a value of 0.60 and below, the flame transitions to a thin conical
sheet, similar to cases 1 and 2, and appears to be firmly attached to the rim of the bluff body.
This transition was accompanied by a reduction in pressure oscillations and heat release
fluctuations within the reaction zone.
Figure 6.6 shows the flame luminosity images for the SS-S-L-0.5 case. In this case, the
reaction zone was much longer than in the MFIS cases and the flame was very shredded and
intermittent. Reactions seem to be occurring even at the end of the quartz tube (z/D = 5). This is
attributed to less uniform mixing compared the MFIS cases. The lengthened flame is likely to
result in a reduced CH light signal which is proven by Figure 6.10. The images for Φ ≤ 0.60
show that the flame is somewhat detached from the bluff body and is slightly lifted off from the
dump plane.
Figure 6.7 shows the flame luminosity images for the SS-S-U-0.5 case. In this case, the
air and fuel are effectively premixed over a distance of 20 inches so it is assumed that it is the
best mixed with regards to homogeneity of the reacting species. The flame was well anchored to
the tip of the bluff body and the presence of a corner recirculation zone is evident from the
images. The flame height was much shorter and the intensity of the reaction zone greater than in
the SS-S-L-0.5 case. The ability of the SS-S-L-0.5 case to achieve equivalent lean blowout
limits as compared to the SS-S-U-0.5 case was attributed to the likelihood of the presence of fuel
rich regions which help to sustain the flame at overall lean conditions. It should also be noted
that the differences in lean blowout limits between these two cases is within the uncertainty
limits of the instrumentation so for all practical purposes, they are interpreted as being
equivalent.
Figure 6.8 presents the flame luminosity images for the SS-N-U-0.5 case. As in the MMN-L-0.5 case, shown in Figure 6.5, the reaction zone appears distributed and lengthened as
compared to its counterpart, the SS-S-U-0.5 case. The flame front also appears to be stationed at
the dump plane as opposed to being attached to the rim of the bluff body. With the flame resting
on the dump plane, it is likely that higher heat loss to the dump plane is occurring, which could
reduce the flame temperature. A reduction in flame temperature would increase the lean blowout
limits and inhibit NOx formation. The exit nozzle condition produces high levels of combustion
noise similar to the MM-N-L-0.5 case. In this case though, there was no transition to the bluff
body stabilized flame which was observed for the MM-N-L-0.5 case. Strong combustion
instabilities persisted in the lean region rendering the case improbable for lean operation.
To observe flow rate effects, Figure 6.9 shows the flame luminosity images for the MMS-L-1.5 case for all three flow rates tested. For a constant equivalence ratio, the thermal load
increases as the air flow rate increases. This is evident by the apparent increase in flame
luminosity seen in Figure 6.9. It can also be seen in Figures 6.10 through 6.12 which present the
mean CH light at each air flow rate. The images also show that the flame length increases
slightly as the flowrate increases. Since the magnitude of the velocity field increases as the
flowrate increases, it becomes more difficult for the flame speed to match the local velocity in
the flow, therefore, the flame is strained further.
The heat release results in Figures 6.10 through 6.13 (obtained with a field-of-view CHfiltered photodiode) show that at all flow rates, the mean CH light emitted by the SS-S-L-0.5
case was the lowest in comparison with the other cases, especially near stoichiometric. This is
expected since it is presumed to be the least mixed case. Observation of the flame luminosity
images at 26.3 SCFM indicates that the flame for the SS-S-L-0.5 case is indeed stretched more
so than the other cases which would complement the CH light results presented in Figure 6.11.
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At all three air flow rates, the MFIS cases produced higher CH levels than the SS-S-L-0.5 case
which is more evident at higher equivalence ratios. This result is also supported by observing
the flame luminosity images which show that there is a more intense reaction at the dump plane
for the MFIS cases. The shorter flame for the MFIS cases indicate a higher flame speed, which
is attributed dually to increased mixing effectiveness and higher turbulence levels. There seems
to be a relatively significant improvement in moving the MFIS upstream as indicated by
differences between the CH light results for the two MFIS cases. Observation of the flame
luminosity images show that the flame front near the dump plane for the MM-S-L-0.5 case was
less luminous indicating less reaction in that region compared to the MM-S-L-1.5 case. In light
of this observation, since the photodiode is positioned to view the region immediately
downstream of the dump plane, the mean CH light measured would expectantly be lower for the
MM-S-L-0.5 case in comparison to the MM-S-L-1.5 case. The well mixed benchmark case, SSS-U-0.5 produced relatively higher CH light values than the SS-S-L-0.5 but was consistently
lower than the MM-S-L-1.5 case. This could be attributed to its slightly longer flame, in
comparison, as evidenced by the flame luminosity images in Figure 6.7. With regards to the
nozzle exit cases, in Figure 6.13, the mean CH light for the MM-N-L-0.5 case compared to its
counterpart case, MM-S-L-0.5, was lower near stoichiometric conditions but as the equivalence
ratio decreased, the CH light decreased at a lesser rate resulting in higher values compared to the
other test cases at ultra lean conditions. The heat released by the flame causes a pressure wave in
the combustion chamber. This wave reflects off the exit nozzle as opposed to exiting completely
as in the straight exit cases. This acoustic feedback can in turn modulate the heat release in the
flame and depending on the frequency of modulation, the flame shape may be altered as in this
case. At higher equivalence ratios (i.e. above 0.80), the flame is elongated due to the heat
release instabilities arising from the acoustic field. Since the flame is elongated, the
concentration of heat release near the dump plane is lower as is the case in Figure 6.13. As the
equivalence was decreased, the heat release field became concentrated near the dump plane
causing the measured CH light emissions to remain relatively high compared to the other cases.
This behavior can be observed in Figure 6.5 where the entire field of view including the corner
recirculation zone contained reactions. At an equivalence ratio below 0.65, the acoustic field
decreases in magnitude causing the flame to transition to a thin conical sheet firmly attached to
the bluff body where reactions in the corner recirculation zone seem to disappear. This behavior
is supported by Figure 6.13 which shows a significant drop in CH light upon transition of the
flame. After transition, the CH light was still slightly higher than the comparable MM-S-L-0.5
case. This was still attributed to the proximity of the flame front to the dump plane likely due a
higher turbulent flame speed as a result of fine scale turbulence introduced by the acoustic field.
The SS-N-U-0.5 case produced lower mean CH vales than its counterpart, SS-S-U-0.5, at all
equivalence ratios. This was attributed to the lengthened flame in the SS-N-U-0.5 case resulting
from influences by the acoustic field similar to the MM-N-L-0.5 case. In this case though, the
magnitude of the acoustic field remained high even at ultra lean equivalence ratios and there was
no observed transition to a thin conical flame sheet.
At ultra lean conditions, differences in CH light emission between each case become very
small rendering the measurement less useful as an indication of combustion intensity. In general,
the flame images show that the MFIS provided efficient mixing over a very minimal premixing
distance based on the relatively short flame height, intense reaction zone indicated by CH light,
and observed stable flame holding characteristics.
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Figure 6.9 Direct flame luminosity for MM-S-L-1.5 at 16.7, 26.3, 37.3 SCFM

Figure 6.10 CH light vs. equivalence ratio at 16.7 SCFM
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Figure 6.11 CH light vs. equivalence ratio at 26.3 SCFM

Figure 6.12 CH light vs. equivalence ratio at 37.3 SCFM
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Figure 6.13 CH Light vs. equivalence ratio at 26.3 SCFM (nozzle effects)

6.3 Flame Temperature and NOx Emissions
NOx emissions are fundamentally controlled by temperature. At high temperatures (T >
1800 K), thermal NOx is the predominant formation mechanism occurring in the post flame
region. Below 1800 K, prompt NOx is formed in the primary reaction zone and precedes slower
rates of thermal NOx formation. The opportunity for prompt NOx formation in the flame region
is dependent on the availability of the hydrocarbon radical (CH) and the radicals H, O, and OH
as evidenced by the reaction steps below.

The concentration of these radicals is increased when the reaction zone is intense and compact.
NOx formation is globally affected by flame temperature so a reduction in flame temperature has
the potential to reduce NOx regardless of the formation route. Another factor affecting NOx
formation is air/fuel nonuniformity. Experiments by Lyons [12] showed that at ultra lean
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conditions, air/fuel nonuniformity increases NOx emissions while at conditions near
stoichiometric, air/fuel nonuniformity tends to decrease NOx emissions.
In these experiments, NOx was measured along the combustor axis at a position 18
inches downstream of the dump plane. Measurements along the radial direction indicated that
NOx concentrations 18 inches downstream were constant along the radial direction. Based on
this result, NOx measured at the combustor axis was taken as representative of the average NOx
concentration in that plane of the combustion chamber. The thermocouple rake measured the
temperature at a distance of 1/3R, 2/3R, and R away from the combustion chamber wall, where
R is the radius of the combustion chamber. These temperatures were averaged to obtain the
average flame temperature in the combustion chamber and are used to provide an indication of
the potential for NOx formation. Averaging the temperatures along the radial direction is a
reasonable approximation to the overall flame temperature assuming that the flame temperature
profile is parabolic by nature along the radial direction. Since the temperatures were measured
10 inches downstream of the dump plane, the flame temperature profile was indeed smooth and
parabolic, ascertaining the stated assumption concerning the validity of an average temperature.
Figures 6.14 through 6.16 present the average flame temperature as a function of equivalence
ratio for all cases with a straight exit condition at each air flow-rate tested (16.7, 26.3, and 37.3
SCFM). Figure 6.17 presents the results of the two nozzle exit cases compared to the straight
exit cases at 26.3 SCFM.
Results show that the MFIS produced higher average flame temperatures than the
baseline cases which employ the solid swirler. The straight exit case with the lowest average
temperatures at all flowrates was the SS-S-L-0.5 case which is consistent with the assumption
that it had the least effective mixing. In general, the results for the two MFIS cases show
comparable temperature values with the MM-S-L-1.5 generally having the higher values
compared to the MM-S-L-0.5 case except at the lowest flowrate, (16.7 SCFM). Differences in
flame temperature between the SS cases were minimal with the SS-S-U-0.5 generally showing
slightly higher temperatures than the SS-S-L-0.5 case. Lower flame temperatures could be an
indication of incomplete combustion particularly due to the slow oxidation of CO to CO2 as a
result of less effective mixing. Another possible cause of lower flame temperatures in the solid
swirler cases could be due to increased heat transfer to the surroundings due to a difference in
flame structure. Since the dominant mode of heat loss to the surroundings is by radiation,
changes to the flame structure may result in situations where radiation losses are greater. The
MM-N-L-0.5 case produced flame temperatures comparatively similar to the MM-S-L-0.5 case
until the equivalence ratio reached 0.65. From 0.65 to 0.60, the flame experienced a transition to
a thin conical reaction sheet which was firmly attached to the bluff body. The transition was
characterized by a more stable and compact flame as seen in Figure 6.5 likely resulting in an
increase in combustion efficiency which led to the increase in flame temperature and a more
compact flame. The SS-N-U-0.5 case produced flame temperatures lower than the SS-S-U-0.5
case probably due to the observed instabilities. The flame for this case, as observed in Figure
6.8, was long and intermittent likely resulting in less efficient combustion, hence, a reduction in
flame temperature. The unstable flame behavior observed for the nozzle cases is the result of
acoustic feedback due to the nozzle exit condition. With the straight open exit condition, the
acoustic perturbations in the flow field, resulting from the heat release in the flame, are not
reflected at the exit and simply exit the combustion chamber. This lack of acoustic feedback
typically results in a weaker acoustic field which is less likely to couple with the heat release and
produce strong pressure oscillations in the combustion chamber.
It should also be noted that while the CH data (Figs. 6.10-6.13) and the temperature data
(Fig. 6.14-6.17) show qualitative agreement as is expected (e.g., the MM cases show higher temp
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Figure 6.14 Average flame temperature vs. equivalence ratio at 16.7 SCFM

Figure 6.15 Average flame temperature vs. equivalence ratio at 26.3 SCFM
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Figure 6.16 Average flame temperature vs. equivalence ratio at 37.3 SCFM

Figure 6.17 Average flame temperature vs. equivalence ratio at 26.3 SCFM (nozzle effects)
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and CH values relative to the baseline SS-S-L-0.5 case) there are also differences in the two sets
of data due, in part to the fact that the two sets of measurements are at different locations with
the CH data representing a regionally-averaged measurement closer to the dump plane and the
temperature being a local measurement well downstream of the dump plane (at z/D=5.7).
Assuming complete combustion, i.e. perfect mixing, and no heat transfer to the surroundings, the
measured flame temperature is constant at a given equivalence ratio regardless of the reactant
flowrate. However, considering the manner in which the CH light measurement was obtained,
variations in the CH light may arise due to factors affecting the flame structure near the dump
plane, such as fluid dynamic instabilities and the acoustic field, or flame stretch effects which are
functions of turbulence intensity and reactant feed speed. If the flame is stretched, the CH light
measured near the dump plane would be lower than a case where the flame is not stretched due
to the fact that some of the reaction is now occurring further downstream yet both cases could
produce the same flame temperature if combustion goes to completion. A good example occurs
at low flow rates where the MM-S-L-1.5 exhibits slightly lower flame temperatures than the
MM-S-L-0.5. On the contrary, the CH light measured for the MM-S-L-1.5 was higher than that
of the MM-S-L-0.5 case. Since the CH photodiode measures light emitted from a specific region
in the flame, the actual measurement could vary from one case to the other depending on the
exact flame structure. At the low flowrate, it is possible that the flame structure of the MM-S-L0.5 caused the region of maximum heat release to occur further downstream, outside of the
window of the photodiode. Comparing Figures 6.3 and 6.4, it can be seen that the primary
reaction zone for the MM-S-L-0.5 case is slightly displaced downstream of the bluff body as
opposed to the MM-S-L-1.5 case where significant reactions are occurring at the bluff
body/dump plane. Since the photodiode was positioned to view the region in space near the
dump plane, this could explain why the CH light measurements for the MM-S-L-1.5 case were
relatively higher than the other cases.
The usefulness of Figures 6.14 through 6.17 lies in the demonstration of a general trend
between the average flame temperatures and measured NOx emissions which follows. Figures
6.18 through 6.21 give the NOx concentrations as a function of equivalence ratio for the three air
flow rates studied. The results of Figure 6.18 for the air flowrate of 16.7 SCFM show that the
MM-S-L-0.5 produced slightly higher NOx concentrations at a given equivalence ratio as
compared to the MM-S-L-1.5. This is consistent with Figure 6.14 which shows that the average
flame temperature was slightly higher for the MM-S-L-0.5. Figures 6.19 and 6.20 indicate that
the MM-S-L-1.5 produced higher NOx concentrations than the other cases, which is consistent
with the higher temperatures indicated in Figures 6.15 and 6.16. The SS-S-U-0.5 case generally
produced the lowest NOx emissions at a given equivalence ratio and showed lower flame
temperatures than the MM cases but slightly higher temperatures than the SS-S-L-0.5 case. The
SS-S-L-0.5 case produced slightly less NOx than the MFIS cases but produced temperatures
significantly lower than all other cases. The MM-N-L-0.5 case produced NOx emissions
initially below the MM-S-L-0.5 case but as the equivalence ratio was decreased, the NOx
emissions did not fall off as rapidly as the straight exit case. This was attributed to the unsteady
flame behavior observed in the MM-N-L-0.5 case which was discussed previously and addressed
in more detail later in the combustion dynamics section. The SS-S-U-0.5 case showed
significantly lower NOx levels, which is in agreement with the measured flame temperatures. At
an equivalence ratio of 0.70, the NOx concentrations for the SS-N-U-0.5 case increased sharply,
though the flame temperature did not as seen in Figure 6.17. An explanation for this behavior
lies in the combustion dynamics results which showed a sharp increase in heat release instability
at an equivalence ratio of 0.70. High heat release instabilities result in situations where the
amount of heat that is released at some instantaneous point in time is higher than the nominal
92

Figure 6.18 NOx concentration vs. equivalence ratio at 16.7 SCFM

Figure 6.19 NOx concentration vs. equivalence ratio at 26.3 SCFM
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Figure 6.20 NOx concentration vs. equivalence ratio at 37.3 SCFM

Figure 6.21 NOx concentration vs. equivalence ratio at 26.3 SCFM (nozzle effects)
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Figure 6.22 NOx concentration vs. average flame temperature at 16.7 SCFM

Figure 6.23 NOx concentration vs. average flame temperature at 26.3 SCFM
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Figure 6.24 NOx concentrations vs. average flame temperature at 37.3 SCFM

Figure 6.25 NOx concentration vs. average flame temperature at 26.3 SCFM (nozzle effects)
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value resulting in a higher than average flame temperature at that instantaneous point in time. In
general, the figures show qualitative agreement between NOx emissions and measured flame
temperatures.
Figures 6.22 through 6.25 plot the NOx concentrations as a function of temperature. The
correlation between NOx and flame temperature is further reinforced in these figures by
observing that the curves tend to fall onto each other for each flowrate. This behavior signifies
the point that NOx emissions should be viewed as a function of the measured flame temperature
and not the equivalence ratio. If a particular premixer produces poor mixing, resulting in
inefficient combustion, the NO emissions may be low since the flame temperature is likely to be
lower. Although the line plots in Figures 6.22 through 6.25 tend to collapse onto each other,
subtle differences can be observed between the different premixer cases. The results show that
NOx emissions are higher for a measured average flame temperature for the SS-S-L-0.5 case
which is the anticipated result due to imperfect mixing and local regions of higher stoichiometry.
The MM-S-L-0.5 produced lower NOx at a given flame temperature compared to the SS-S-L-0.5
case. The MM-S-L-1.5 showed a further decrease in NOx concentration with respect to flame
temperature. The SS-S-U-0.5 case produced more NOx for a given flame temperature than the
MFIS cases at the lower flowrate of 16.7 SCFM. For the higher flowrates, the NOx vs.
temperature curve for the SS-S-U-0.5 case fell slightly under the MM-S-L-1.5 case, but due to
instrument error, it could not be concluded that this case was significantly better than the MM-SL-1.5 case.
An explanation of the differences in flame temperature and NOx emissions could lie in
the differences in turbulence in the primary reaction zone. At the lowest flowrate for the SS
cases, the turbulence level, and hence flame speed are likely lower than the MM cases. The
assumption that turbulence levels are higher for the MM cases is due to the presence of the
numerous high velocity fuel injection jets which are inherently local, on a fluid dynamic scale, to
the primary reaction zone. The effect of moving the MFIS further upstream could provide an
increased mixing length but may also result in a decay of swirl strength and turbulence especially
at the lower flowrate. Keeping in mind that there is no direct data to support this theory, the
following proposed explanation is subject to speculation.
At higher flowrates, the Reynolds number increases and the momentum forces are less
dampened by viscous forces. The core flow is characterized by higher bulk turbulence levels
which could sufficiently aid in the mixing and flame stability for the SS cases as well as sustain
the turbulence in the MM-S-L-1.5 case. For these higher flowrates, the results show that the
MM-S-L-1.5 case continued to produce the highest CH values but also produced the highest
average flame temperatures. As the flowrate increased, the flame temperature differences
between the MM cases and SS cases decreased. This could signify that the increasing flowrates,
hence increasing turbulence levels, helped to improve the mixing in the SS cases, bringing their
performance closer to that of the MM cases.
The goal of these results is to show a consistent trend between the flame temperature and
NOx concentrations and that the results for NOx emissions vs. flame temperature follows
expected behavior, that is, the SS-S-U-0.5 case appears to have the lowest NOx emissions per
flame temperature while the MM cases seem to provide results comparably close to this well
mixed baseline case. The case with the highest NOx emissions per flame temperature was the
SS-S-L-0.5 case which is in agreement with the presumption that it had the least effective mixing
based on the fuel injection scenario and premixing distance.
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6.4 Combustion Dynamics
Due to unsteadiness and interaction of the various processes involved in combustion,
instabilities arise in the combustion chamber sometimes leading to large pressure oscillations.
Such processes include the fluid dynamic interactions associated with mixing between fuel and
oxidizer, chemical reactions involving many species, and heat transfer to the systems and
surroundings. Since combustion normally occurs in a confined system, the introduction of small
scale instabilities may lead to the formation of higher magnitude instabilities due to coupling
with the natural acoustics specific to the length scales of that system. These instabilities lead to
unsteady heat release and pressure oscillations within the combustion chamber which in turn
could decrease the combustion efficiency or possibly cause permanent damage to the system.
While they are mostly problematic and difficult to control, in some cases they can be beneficial
with regards to mixing [17].
System instabilities are classified as those due to fluid dynamic instabilities, acoustic
instabilities, and those due the system components. The periodic heat release within shear flow
structures may produce oscillations which could couple with the system acoustics to produce
even larger oscillations leading to further instabilities. In confined combustion systems, pressure
fluctuations can set up standing waves which could impose on the shear layer resulting in
changes in the vortex shedding and merging patterns. In most practical combustion systems, the
combustion chamber is not separate from the rest of the system hence instabilities in the
combustion zone may interact with other features of the system, such as inlets and exhausts. In
some instances, pressure oscillations in the combustion chamber may cause fluctuations in the
fuel flow rate which in turn could lead to further amplifications of the pressure oscillations
within the combustion chamber. Though combustion instabilities are characterized by complex
interactions within the combustion chamber, the principle by which they occur is a result of the
coupling between heat release and the system parameters confining the combustion process.
For each test case, combustion instabilities were characterized by analyzing the transient
behavior of the pressure fluctuations occurring within the combustion chamber and the CH light
observed by the photodiode. The CH light values presented in figures 6.10 to 6.13 represented
the mean CH light collected at a specific operating point, indicating the magnitude of heat being
released within the primary combustion zone. The magnitude of the root mean square of the CH
light signal (i.e. flunctuating component) provides an indication of the stability of the
combustion process. Lower CH rms values indicate lower peak to peak fluctuations in the heat
release, which translates to a more steady combustion process. The CH rms value is calculated
using equation 6.1
6.1
where xi is the sample value,
is the mean value of all xi, N is the number of samples. Figures
6.26 through 6.29 present the CH rms values calculated for each test case over the range of
equivalence ratios for an air flow rate of 26.3 SCFM. From the figures, it is evident that in all
cases, the combustion heat release instability increases with equivalence ratio over the fuel lean
range tested. At ultra lean conditions, all test cases tend to a CH rms value of approximately 0.3.
This floor value is due to electrical noise which is superimposed on the actual signal at its
characteristic frequency of 60 Hz.
Obervation of the figures shows that the heat release fluctuations for all cases was highest
near stoichiometric and generally decreased with decreasing equivalence ratio. The MM-S-L-0.5
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case showed the lowest heat release instability over the range of flow rates and equivalence
ratios. This is an indirect indicator of effective mixing and stable combustion. Overall, the
MFIS showed relatively lower heat release instability compared to the solid swirler cases
indicating a more uniform mixture. The SS-S-L-0.5 case showed the highest heat release
fluctuations probably due to its lesser mixing efficiency. The SS-S-U-0.5 case exhibited higher
heat release instability than the MFIS cases for the flow rates of 16.7 and 26.3 SCFM but for the
flowrate of 37.3 SCFM, it showed a dramatic decrease in heat release instability. This could be
attributed to better mixing due to the increase in turbulence as the flowrate is increased. In
Figure 6.29, the MM-N-L-0.5 case showed very high heat release instability near stoichiometric
conditions. This compliments the flame luminosity images which showed that the flame was
lengthened and the reaction occurred over a very broad region as opposed to a thin reaction sheet
characteristic of stable combustion. When the equivalence ratio is lowered from 0.65 to 0.60,
there was a drastic decrease in heat release instability which is consistent with the flame
transition observed in the flame luminosity images in Figure 6.5. As observed in Figure 6.17,
this transition to a stable intense flame produced an increase in flame temperature when the
equivalence ratio was decreased. This is counterintuitive since the flame temperature should
decrease with decreasing equivalence ratio due to air dilution. The are two plausible
explanations for this result. Due to the change in flame structure, there is less heat loss to the
surroundings or the combustion reaction is closer to completion (i.e. near 100% combustion
efficiency), therefore, more heat is liberated by the reaction. While the transition led to a slight
increase in flame temperature, on the contrary, the NOx emissions continued to decrease actually
more so than the previous step change in equivalence ratio. This is likely attributed to the
decrease in heat release fluctuations which indicates the sensitiviy of NOx emissions to the
stability of the flame (i.e. steady heat release pattern). As mentioned earlier, high heat release
instabilities result in situations where the amount of heat that is released at some instantaneous
point in time is higher than the nominal value resulting in a higher than average flame
temperature at that instantaneous point in time. Higher instantaneous flame temperatures within
the primary flame itself would inherently lead to higher rates of NOx formation. In the SS-N-U0.5 case, the rms CH light was expectantly high near stoichiometric and began to decrease with
the equivalence ratio. On an overall scale, the heat release instabilities for this case were higher
than its counterpart, the SS-S-U-0.5 case. This is consistent with the observed flame behavior in
Figure 6.8 which shows the flame was very strained and there was no clear region containing the
primary reaction. The combustion reaction for this case resembled that of a distributed reaction.
Flame temperatures were lower in this case than all other cases probably due to the fact that
significant reactions were still occurring near or possibly downstream of the thermocouple rake.
The spike in rms CH light seen in Figure 6.29 was accompanied by an increase in NOx
emissions in Figure 6.21 which strengthens the argument that NOx emissions can be greatly
affected by the flame stability and heat release pattern.
Figures 6.30 through 6.33 provide the rms pressure calculated from the transient pressure
measurements taken by the Kistler pressure transducers. One transducer measured the pressure
signal upstream of the flame region while the other measured downstream of the flame. These
results give an indication of the magnitude of pressure oscillations occuring within the
combustion chamber and can be correlated with the measured heat release instabilities shown in
Figures 6.26 to 6.29. The heat release and pressure frequency spectra as a function of
equivalence ratio was calculated for all cases at various flowrates and is displayed in Figures
6.34-6.57. The CH light signal is shown plotted in blue while the upstream pressure signal is
plotted in black. The characteristic longitudinal acoustic frequencies of the combustion chamber
were calculated based on a closed upstream condition and an open downstream exit condition.
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Figure 6.26 RMS CH light vs. equivalence ratio at 16.7 SCFM

Figure 6.27 RMS CH light vs. equivalence ratio at 26.3 SCFM
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Figure 6.28 RMS CH light vs. equivalence ratio at 37.3 SCFM

Figure 6.29 RMS CH light vs. equivalence ratio at 26.3 SCFM (nozzle effects)
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(a)

(b)

Figure 6.30 RMS Pressure vs. equivalence ratio at 16.7 SCFM (a) upstream (b) downstream

(a)

(b)

Figure 6.31 RMS Pressure vs. equivalence ratio at 26.3 SCFM (a) upstream (b) downstream

(a)

(b)

Figure 6.32 RMS Pressure vs. equivalence ratio at 37.3 SCFM (a) upstream (b) downstream
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Figure 6.33 RMS Pressure vs. equivalence ratio at 26.3 SCFM (nozzle effects) (a) upstream
(b) downstream
These conditions were expected to produce a characterstic 1/4 wave mode and 3/4 wave mode.
The 3/4 wave mode was calculated by assuming a half wave of the upstream chamber which
produced a characteristic frequency of 270 Hz. Likewise, a quarter wave mode of the entire
chamber has a characteristic frequency of 135 Hz. The pressure spectra plots show the presence
of these dominant frequency modes in all of the cases. It should also be noted that the dominant
modes of these combustion instabilities are also affected by fluid dynamic instabilities present in
the flow and that these instabilities could act on the heat release field to produce frequencies
unrelated to the longitudinal acoustic mode of the combustion chamber. When a pressure wave
is induced in the combustion chamber, due to the heat release from the flame, it travels through
the chamber at the characteristic longitudinal frequencies. When the pressure wave travels
through the flame region, it acts upon the heat release pattern and this behavior produces a closed
feedback mechanism. If the two are in phase with one another, their amplitudes grow due to
resonant coupling. This behavior can be detrimental to the combustion chamber as well as
produce a highly unstable flame. The results of Figures 6.34–6.57 show that when the rms
pressures are highest for any case, there is a strong coupling between the heat release and the
pressure. For the lowest flowrate of 16.7 SCFM, the SS-S-L-0.5 case produced the highest heat
release fluctuations and pressure oscillations as evidenced by Figures 6.26 and 6.30. The SS-SU-0.5 case produced slightly lower heat release fluctuations and significantly lower pressure
oscillations than the SS-S-L-0.5 case although these results were still higher than both MFIS
cases. As the flowrate was increased, the heat release fluctuations of the SS-S-L-0.5 case tended
to increase slightly, still remaining the highest among all cases. This result is attributed to the
unstable flame behavior observed during testing likely due to poor mixing. The heat release
instabilities observed in the SS-S-U-0.5 case decreased as the flowrate was increased. This is
attributed to higher turbulence levels at higher flowrates which increases the flame stability
through an increase in flame speed. Heat release instabilities for both MFIS cases seemed to be
rather unchanged by increasing the flowrate. This result demonstrates the MFIS's capability to
operate over a range of flow conditions and thermal load without the loss of flame stability. As
the flowrate was increased in the MFIS cases, higher pressure oscillations where observed due to
coupling between the heat release and pressure field, though the pressure oscillations did have a
significant impact on the magnitude of heat release oscillations. This result indicates that the
heat release field for the MFIS can tolerate large pressure oscillations while remaining
unchanged in magnitude. Figures 6.29 and 6.33 gives the heat release fluctuations and pressure
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Figure 6.34 Combustion dynamics mapping for MM-S-L-0.5 at 26.3 SCFM
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Figure 6.35 MM-S-L-0.5 at 26.3 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.37 MM-S-L-0.5 at 37.3 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.39 MM-S-L-1.5 at 26.3 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.41 MM-S-L-1.5 at 37.3 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.43 SS-S-L-0.5 at 16.7 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.45 SS-S-L-0.5 at 26.3 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.47 SS-S-L-0.5 at 37.3 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.48 Combustion dynamics mapping for SS-S-U-0.5 at 16.7 SCFM
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Figure 6.49 SS-S-U-0.5 at 16.7 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.51 SS-S-U-0.5 at 26.3 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.53 SS-S-U-0.5 at 37.3 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.55 MM-N-L-0.5 at 26.3 SCFM (a) Frequency spectra of upstream pressure and CH
light signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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Figure 6.57 SS-N-U-0.5 at 26.3 SCFM (a) Frequency spectra of upstream pressure and CH light
signal (b) Signal trace of upstream pressure and CH light for a period of 0.1 seconds
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oscillations for the nozzle exit cases. As examined previously, the MM-N-L-0.5 case shows high
heat release instability at higher equivalence ratios and then suddenly drops off at Φ = 0.65. The
drop is accompanied by a drop in the magnitude of pressure oscillations, an increase in flame
temperature and a decrease in NOx emissions. The increase in flame temperature is attributed to
more efficient combustion due to a more stable operating mode (i.e. lower heat release
instability). The decrease in NOx emissions, counterintuitive to the increase in flame
temperature, is attributed to the same explanation regarding a more stable flame condition. The
SS-N-U-0.5 case shows similar behavior to the MM-N-L-0.5 case near stoichiometric conditions
but as the ultra lean range is approached, it experienced an increase in heat release fluctuations
and a corresponding increase in pressure oscillations. The results of Figure 6.21 show an
increase in NOx emissions at the equivalence ratio corresponding to the sudden increase in
instabilities which demonstrates a very undesirable operating mode.
The combustion dynamics (i.e. heat release and pressure fluctuation) provide insight into
the combustion process and its interaction with the system and surroundings. In practical
applications, the combustion process must be efficient while producing minimal pressure
fluctuations so as to avoid permanent damage and possibly failure to the combustion chamber
and system components. These results demonstrate the coupling between the heat release pattern
and pressure oscillations and show that the MFIS is capable of operating efficiently under stable
conditions while producing low NOx levels.

6.5 Hydrogen Enrichment Study
Recently, the applicability of hydrogen enriched fuels to gas turbine combustion has
gained much interest. Hydrogen blended with traditional hydrocarbon fuels could improve flame
stability and allow stable lean combustion at the lower temperatures needed to minimize the NOx
production. The presence of hydrogen substantially increases the extinction strain rate, an effect
which is more pronounced in leaner mixtures. Sensitivity analyses show that the chainbranching reaction H + O2 ↔ OH + O is important with respect to extinction. A longer term
need is the desire to minimize and eventually eliminate unburned hydrocarbon (UHC) and CO 2
emissions. The reduction in CO emissions with hydrogen addition is attributed to the increased
radical pool. Higher OH concentrations are likely to promote completion of CO oxidation to
CO2 via the OH radical. The use of hydrogen-blended fuels provides both a solution to the
immediate need for NOx reduction, and a transition strategy to a carbon-free energy system in the
future [19].
The MFIS was tested with varying amounts of hydrogen (10%, 20%, and 40% by
volume) to determine its viability with hydrogen enriched fuels. All tests were run at an air flow
rate of 26.3 SCFM using the MM-S-L-0.5 case. The lean blowout limits for the MFIS and solid
swirler are shown in Figure 6.58. It is evident that hydrogen addition can significantly decrease
the lean blowout limits for both cases. This is attributed to hydrogen's higher flame speed as a
result of fast reaction kinetics and high rates of thermal and mass diffusion. Figure 6.59 presents
the flame temperature as a function of equivalence ratio for the MM-S-L-0.5. The results show
that when hydrogen is added to the mixture, there is a slight increase in flame temperature as
expected due to hydrogen's higher heating value. As hydrogen is added at a constant
equivalence ratio, the NOx concentration increases, in part due to the increased flame
temperatures indicated by Figure 6.60. This increase is most notable upon initial substitution of
hydrogen with methane when going from 0% hydrogen by volume to 10% hydrogen by volume.
Figure 6.61 presents the NOx concentration vs. average flame temperature. From the figure, the
NOx levels at varying amounts of hydrogen are more similar when plotted against the
116

temperature. This indicates that the increase in temperature is the predominant factor causing the
increase in NOx levels. Increased NOx concentrations with hydrogen addition is also likely due
to the high concentrations of H, O, and OH radicals which promote NOx production through the
NNH and N2O intermediate routes. Figure 6.62 shows the rms upstream pressure for the MM-SL-0.5 case with varying amounts of hydrogen addition. The results show that there is a shift in
the onset of combustion instability towards lower equivalence ratios as hydrogen is added.
Figures 6.63 and 6.64 show the pressure spectra for 10% H2 and 20% H2 for the MM-S-L-0.5
case. Based on these results, the addition of hydrogen seems to have no effect on the dominant
frequency at which these instabilities occur. Instead, the characteristic frequency of the pressure
oscillations is consistent with the 3/4 wave longitudinal acoustic mode (f = 270 Hz.). Figures
6.65-6.68 show the equivalent results for the SS-S-U-0.5 case. The results follow the same
behavior as those of the MM-S-L-0.5 case and no additional trends were observed.

Figure 6.58 Lean blowout limits for MM-S-L-0.5 and SS-S-U-0.5 cases with hydrogen addition
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Figure 6.59 Average flame temperature vs. equivalence ratio for hydrogen addition to MM-S-L0.5 case at 26.3 SCFM

Figure 6.60 NOx concentration vs. equivalence ratio for hydrogen addition to MM-S-L-0.5 case
at 26.3 SCFM
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Figure 6.61 NOx concentration vs. average flame temperature for hydrogen addition to MM-S-L0.5 case at 26.3 SCFM

Figure 6.62 Upstream RMS pressure vs. equivalence ratio for hydrogen addition to MM-S-L-0.5
case at 26.3 SCFM
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Figure 6.63 Frequency spectrum for MM-S-L-0.5 with 10% Hydrogen addition
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Figure 6.65 Average flame temperature vs. equivalence ratio for hydrogen addition to SS-S-U0.5 case at 26.3 SCFM

Figure 6.66 NOx concentration vs. average flame temperature for hydrogen addition to SS-S-U0.5 case at 26.3 SCFM
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CHAPTER 7 CONCLUSIONS
7.1 Summary of Work
The micro fuel injection swirler was successfully fabricated and the manufacturing
process proved to be flexible in producing many variations in the geometry of the injection
panels. It was also deemed suitable to be employed in mass production schemes since the
practicality of the device was dependent on the ability to manufacture it economically. A
combustion chamber was built specifically to test the Micro Fuel Injection Swirler so that its
combustion performance could be verified. Measured parameters were the equivalence ratio, CH
light intensity (heat release), combustion dynamics (pressure and CH light variation), flame
temperature, and NOx emissions. The chamber was also designed to allow future testing under
high pressure, high temperature operating conditions. Experimental combustion results were
obtained for the micro fuel injection swirler and benchmark test cases where mixing was
accomplished by simple radial injection upstream of a solid swirler. The results were compared
to determine the improvement in mixing and combustion performance provided by the Micro
Fuel Injection Swirler (MFIS).
The results show that the MFIS was able to operate at leaner limits (Φ ≈ 0.47) than the
benchmark cases (Φ ≈ 0.51), which was attributed to the enhanced fine scale mixing and
increased turbulence due to the distribution of numerous fuel jets. A slight improvement in the
lean blowout out limit was observed when the MFIS was given an additional 1 inch of mixing
length but it was well within the uncertainty limits of the measurements. This indicates that the
MFIS was accomplishing efficient mixing over the 0.5 inch mixing. These results demonstrated
the capability of the MFIS to approach the lean flammability limit with a considerably shorter
mixing length as compared to the benchmark case with longer premixing lengths.
Flame luminosity images showed that the flames produced by the MFIS were strongly
attached to the dump plane and characterized by a compact, intense reaction. This observation
was confirmed by higher heat release in the primary reaction zone of the MFIS as compared to
the solid swirler case with a similar mixing distance. The solid swirler case with a 20 inch
premixing distance produced higher CH light (heat release) than the MFIS nearest the dump
plane, however, the MFIS with a 1.5 inch premixing distance produced higher CH than all other
cases.
Flame temperature results showed that the MFIS cases produced higher flame
temperatures at a given equivalence ratio than the solid swirler cases (ΔT ≈ 40 K). A larger
difference was observed at the lowest flowrate (16.7 SCFM) while differences decreased as the
flow rate increased. This was attributed to a higher bulk Reynold's number at higher flow rates
which helps to increase mixing and turbulence intensity in the solid swirler cases.
NOx emissions were slightly higher for the MFIS cases particularly at the lowest
flowrate. This result was attributed to the higher measured flame temperatures. As the flowrate
was increased, NOx emissions for the MFIS cases were in closer comparison to the solid swirler
cases probably due to the narrowing differences in measured flame temperature. Since the MFIS
cases produced higher flame temperatures at a given equivalence ratio, a fairer comparison was
shown by plotting the NOx concentrations as a function of measured flame temperature. The
MFIS cases resulted in lower NOx per flame temperature compared to the solid swirler case with
a 1.5 inch premixing length (SS-S-L-0.5) however the solid swirler case with a 20 inch
premixing length (SS-S-U-0.5) produced even lower NOx per flame temperature. It should be
noted though that these differences were near the uncertainty limits of the measurements.
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In general, heat release fluctuations were higher for the solid swirler cases indicating less
combustion stability, likely one of the causes of higher lean blowout limits for these cases. Heat
release driven pressure oscillations were higher for the solid swirler cases at lower flowrates. As
the flowrate was increased, the MFIS experienced an increase in combustion chamber pressure
oscillations. This increase was attributed to the resonant coupling with the heat release pattern
but the root cause of this coupling is not fully understood. The frequency maps demonstrated the
effect of coupling between the heat release pattern and pressure oscillations and showed that the
MFIS produces a stable flame more resistant to pressure oscillations as evidenced by low heat
release fluctuations.
The MFIS was also tested with hydrogen enriched methane to determine the extension in
lean blowout limits and its effects on NOx emissions and flame stability. The MFIS showed a
40% reduction in the lean blowout limit with 60% hydrogen addition by volume. The solid
swirler cases showed a similar reduction but offset slightly higher than the MFIS by about 0.04
ΔΦ. At a given equivalence ratio, the addition of hydrogen led to an increase in the flame
temperature (ΔT ≈ 30K). At a given equivalence, NOx emissions increased with hydrogen
addition likely due to the increase in flame temperature. Plotting NOx emissions as a function of
flame temperature, the addition of hydrogen showed a slight increase in NOx even at a given
flame temperature. This indicated that NOx emissions increase was also in part due to the
increased radical pool, particularly the OH radical. There appeared to be no distinct shift in the
dominant instability frequencies with hydrogen addition.
Combustion results indicated that the MFIS was capable of achieving relatively lower
equivalence ratios at LBO compared to benchmark cases tested. At a set equivalence ratio, the
MFIS produced higher flame temperatures, higher heat release rates, and comparable NOx
emissions. At equivalent operating temperatures, the MFIS produced nearly equal NOx
emissions compared to the perfectly premixed case. Heat release instabilities and associated
pressure oscillations were lower for the MFIS cases at lower flowrates but increased at higher
flowrates due to the resonant coupling between the two. Hydrogen testing showed that the lean
blowout limits could be extended with hydrogen addition, providing further reduction in NOx
while allowing stable combustion. In summary, the MFIS was capable of providing efficient
air/fuel mixing over a short premixing distance allowing for a reduction in overall combustor
length and affirming its effectiveness in lean premixed combustion systems.

7.2 Future Work
While the MFIS showed promising results warranting its implementation in lean
premixed combustion, further research and testing should be performed to ascertain the mixing
effectiveness and obtain more detailed combustion measurements to validate its performance in
industrial combustion systems. In order to determine the turbulence intensity and flowfield
dynamics of the MFIS, particle image velocimetry (PIV) should be performed. The mixing
effectiveness of the air and fuel should be measured experimentally by performing planar laser
induced fluorescence (PLIF) with a tracer material. This would give an indication of the mixture
quality produced by the MFIS as compared to that of the benchmark solid swirler cases. These
measurements should then be validated with CFD simulations in an effort to develop models
which could predict the improvement in mixing based on changes to the fuel injection geometry
so that the design could be optimized. A better understanding of the combustion dynamics
present in the flame could be obtained by comparing pressure measurements with simultaneous
imaging of the heat release field using OH-PLIF. Obtaining more detailed temperature
measurements in conjuction with emissions species (CO, UHC, CO 2, and NOx) would help to
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describe the evolution of the combustion process and give a better estimate of the combustion
efficiency. Future tests should also attempt to operate at higher inlet temperatures (T = 700 K)
and pressures (P = 10 atm) corresponding to the inlet conditions present in industrial gas turbine
combustors.
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